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METHOD AND APPARATUS FOR POWEB -WMMRATION 

The present invention is a continuation-in-part of 
co-pending U.S. patent applications for: "Heat- 
Generating Method and Apparatus", Serial No. 323,513, 
filed March 13, 1989; "Neutron-Beam Method and 
Apparatus", Serial No. 326,693, filed March 21, 1989; 
"Heat Generating Method and Apparatus", Serial No. 
335,233, filed April 10, 1989; "Heat Generating Method 
and Apparatus", Serial No. 338,879, filed April 14, 1989- 
"Power Generating Method and Apparatus", Serial No.' 
339,646, filed April 18, 1989; "Power Generating Method 
and Apparatus", Serial No. 346,079, fil ed May 2< i98 9- 
and "Power Generating Method and Apparatus", Serial No 
352,478, filed May 16, 1989, which are incorporated 
herein by reference. 

The present invention relates to methods and 
apparatuses for generating heat, neutrons, tritium or 
electrical power, and in one illustration, to an 
apparatus which utilizes heat produced by compressing lew 
atomic weight nuclei in a Betal lattice under conditions 

which produce e.vce^<= h D ^ ui.. • 

^- , r****** invuiviny nuc; i ear 

fusion. 



An ideal energy source, and one which has been the 
subject of intensive scientific investigation and search 
over at least the past thirty years , would have the 
following properties: 

fa) the source would utilize deuterium, which is 
available in a virtually inexhaustible amount 
from the oceans; 

(b) The source would produce relatively benign and 
short-lived reaction products; 
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( c ) The sourm uahu 

CG Would Produce substantial lv 
energy e „ in „ u y ra °re 

enerlv • ° f heat ' tha " the 

energy ln put anto the system; and 

W The source could be constructed on a relet ■ , 
— U. even portable scale. ™*-tiv ly 

acu e :iT: h ti' id n ; a ;; e r gy source has - — - 

<f=nsa plasma, usin, eith< , r „„„„ „. r «<^lons In -a 

ine rtial COT(ln . M : t ": c r h - ™ «*.!»-«« or 

control p ias„a fU sion, h8s ZTZ^""^ ^ 
int.nsivo worldvw. Kl ,» tmc effor \ he « ■» 

possibility, ot arhievin, control!.- ' tMs ' the 

Hi 9h -to„ p arot U ro p,„ „" ~ "I T°" " ' 

for example, Techno ,o„„ k years away. (Se e, 

' cnnol °9y Assessment Report) 

In an alternative f u «-,r,r, ,~ 

fU sio„. „ uons ar::~ :;rr r- 

charrro r>f >-• " 1Lla the eleefc-'r. 

" v - iei t nu °ns bind tightly to th v weCc — c 
nucleus and neutralize i ts do .J * h * dro <Jen 

A,L ^ 1 - positive charrro. 

are drawn close together because of the 1 
»uon, so fusion by tunneling can occur a ^ ° f thG 

low temperature. Thus many of the B r n " relativel * 
te „ n . r , hll .„ , r or ChG Problems of hich 

temperature plasma containment which have l in l T 
success of the high-temperature P i asnil a l ^ 
voided. However, due to the low ZZ^ITT ?" 
events during the l ifetirae of J* ° f "»«o„ 

-clear at this date whether the me hod 17' " " 
developed to support a ..U-... ta ,„IT^^ ta 

as.., A listin 9 of references for ,-k 

this section are found at the end 0 | ? J.£f ereBCe nUraerals 
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The present invention involves an apparatus and 
method for generating energy, neutrons, tritium and/or 



comprises a material such as a raetal having a lattice 
structure capable of accumulating isotopic hydrogen atoms 
and means for accumulating isotopic hydrogen atoms in the 
metal to a chemical potential sufficient to induce the 
generation of one or more forms of the previously noted 
energy. 

The sufficient chemical potential is, for example, 
enough to induce generation of an amount of heat greater 
than a joule-heat equivalent used in accumulating the 
isotopic hydrogen atoms in the lattice structure to the 
desired chemical potential. 

A preferred metal is one of group VIII or group 
IVA, palladium being most preferred. Other preferred 
metals include iron, cobalt, nickel,, ruthenium, rhodium, 
osmium, iridium, titanium, zirconium, hafnium or alloys 
thereof . 

During the operation of the apparatus of the 
invention, the charged lattice emits occasional bursts of 
neutrons, and/or N undergoes short-duration periods of 
exceptional heat output. These observations suggest that 
heat-generating fusion events occurring within the 
lattice may include nuclear chain reactions which may be 
stimulated by high-energy particles or rays within or 
applied to the lattice (such as are generated by fusion 
or other nuclear reactions occurring within the lattice) . 
Therefore, one aspect of the present invention involves 
stimulating or enhancing nuclear reactions in the lattice 
by exciting or bombarding the charged lattice with high 
energy rays or particles such as r rays, a or 3 



heat as a specific form of energy. The apparatus 
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Particles, high energy or ther^iTed neutrons or hi s 
energy protons. matrons, or hic_h 



In an important embodiment thp M * 

«~ 

source to accurate i„ th. „atal uttico. A pref .„., 
taotoptc h ydr o g e„ SOU rca i s .iterated vatar ^"luT,, 

i " a : p : c r ogen soiv * nt c °" p °™ t - «• -*« 

at least Partially submerged in the 

y in cne aqueous solution 
and the means for accumnl^inrr < i n ' 

accumulating includes a charqe- 

sourca for afectro ly tica lly aaccposin, fa 
« Want covenant into aasorhaa isotopic h y aro g a„ at™. 

' /"T " ° E MS " bad nyaUn atL 

in the metal lattice. tons 

The apparatus of th. presaat invasion „ay ba usad 
Mai oT t L r e SkUled oration. 

stru t ; --y™*— * ».*«=. 

electrical energy include ,io^;.„ , 
generators such as steam tUrbines< — * 

thermoelectric devices and thermionic emitters. 

A thermal neutron beam may also be general k 
an apparatus. This would involve . ee ,c ^ 
metal having a crystal latti™ ! comprising a 

crystal lattice structure capable of 
accumulate i S otop lc Hydrogen atoms and w hlc , has 
xsotop.c hydrogen atoms accumulated in its la tt CG 
structure to a chemical potential sufficient to Induce 
neutron-generatinq event- induce 

■y events, as evidenced bv fho 

of thermal neutrons s.id pho • , * he P rodu - 

on.,, jald cnemiC3l potcntial 

least about 0.5 eV U h„r, „ , 9 

n , • , • " Con P arGd to a chemical paten-, 1 

of .sotopac hydrogen atens in the netal lattice 
equilibrate with the isotop lc hydrogGn at 
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pressure; and means such as a di verge*, c^tfeutron 
collimator, for example, lor collimating at least a 
portion of the thermal neutrons produced in the reactor 
into a thermal neutron beam. Thermal neutron radiography 
of a target material may also be performed, using 
recording means positioned to receive neutrons which pass 
through target material in the thermal neutron beam. 
Recording means includes a convertor to capture neutrons 
and emit capture-dependent radiation, and a film 
sensitive to said radiation. Neutron capture gamma-ray 
spectroscopy of a target material, may also be used by 
including means for measuring gamma-ray spectra produced 
upon neutron capture by the material.. Neutron scattering 
analysis of a target material, which includes a neutron 
detector for measuring distribution of scattered neutrons 
at angles different from that of the beam directed as to 
the target material is also an aspect of the present 
invention. 

The apparatus of the present invention may be in an 
arrangement where said metal is formed as a series of 
stacked membranes in an electrolytic cell, where pairs of 
membranes partition the cell into a series of closed 
electrolytic compartments. 

Where the charge-generating source is electrolytic, 
the metal is a cathode and the electrolytic decomposing 
is carried out preferably at a current of 2-2000 nA cm" 2 
of cathode surface area, although higher current levels 
up to about 10,000 mA cm" 2 and even higher can be used in 
certain applications. 

In certain embodiments the fluid with the isotcpic 
hydrogen atom source may comprise a catalytic poison 
effective to block catalytic evolution of gases 
consisting of hydrogen isotopes. The fluid niay also 
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conpris, lithiun deutGrox . de \ 

"thxu. sulfate raay be about /* llthlu " Sulf ^.. The 
sulfate. °- 1 fc ° ^out 1.0 K lithium 

The isotopic hydrogen at™ 

«*. ultcpL : d : urc ; -° y ais ° »■ « « 

acc ulM i aCion th j • " for prrv.-cin, 

<* th. „aterial or ZtTl " in9 " inti " atG 

fused ..tal hyd-ide I Partlcul "e ton and 

»i 9 ra tlo „ or L ^"'' t. Pronote 

che.ica! potentia, „ f L 0 " "* Sai " " iXtUre <*"" » 

»«a, lattice of at III, Z " 

* UL -^east about o «: rt , f • 

this embodi»ont a pr efe rr.H \ reached. ,„ 

=f Palladia. niCcT "on CO : bl " aU ° n is "I", a natal 
—cc or isotopic hCdtooa T ° f 3lJOyS « 

-tetide. S od lu p , dd : n: a ::i s : s f r mhiu * 

»i*tures thereof ■>„, Potest,,,, deuteride or 

Patticolate net; .^L^T* " the 
■*«• • hi* enerl heat s " th « "*««. 

^9/ neat source under r-o^i-*.- 
P-uee the che mical potentiaJ ^ which 

ln lGSS th ™ -bout 1 „ second. ^ °- f eV 

ThS PrCferre d *PP«r a tu s of the present ■ 

^ ° Perable includes an isotonic h lBVWltiCa ' ia 

-urea sucn dGUtGratcd water 1 - o ° r t d OP1C h ^rogen ate, 

tritiated water. ordinary water, or 

In certain embodiments pre f erro ( ' 

rh od iu ». r„then iu „ P r " U V T 
,ltco„iu» or aU o,s ^ »™ cobalt, titanion. 

t^c „«.,.. Thc of J ° ~ -topes 

also be a conoosite of n h prc " ent apparatus nav 

9roup consist^ of Ml^J?*?*? 1 **™ «»• 
iridiu.. OSmium , nickel< C0 J u rh0t,1U "' -Rhenium, 

titaniun. platinun, haf„i UK , , nd = 

U nlloyr, thereof, and n 
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thin metal film upon said substrate of palladium, 
rhodium, ruthenium, iridium, zirconium, or alloys 
thereof. Alternatively, the metal may be a thin film 
layered on a composite of a substrate unable to 
accumulate isotopic hydrogen atoms to an extent inducing 
fusion reactions, such a thin metal film has a preferred 
thickness of about 50-500 A, although thicker films might 
be suitable. 

Means for transforming heat to electricity include a 

steam-powered turbine or an electrical generator, and a 

heat transfer system for transferring heat from the heat 

source to a turbine or electrical generator. This means 

for transforming may also be a semiconductor 

thermoelectric device or utilize a thermionic emitter 
device. 

The present invention also includes methods of 
generating heat and neutrons, as well as producing 
electricity or performing work. These methods comprise 
the steps of: (a) contacting a material (preferably a 
group VIII or IV a metal) having a lattice structure 
capable of accumulating isotopic hydrogen atoms, with a 
fluid comprising an isotopic hydrogen atom source; and 
(b) inducing accumulation of isotopic hydrogen atoms in 
the lattice stOicture to achieve a concentration therein 
sufficient to cause heat or neutron generation. The 
achieved concentration of isotopic hydrogen atoms may be 
characterized by having a chemical potential of at least 
about 0.5 eV. The isotopic hydrogen atom source is at 
least one of water, deuterated water and tritiated water. 
In one preferred embodiment step (b) involves 
electrochemical decomposition o( the isotopic hydrogen 
atom source and electrolytic compression of isotopic 
hydrogen atoms into the lattice structure. 
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Reaction byproducts, which ^ • , 
and/or tritiated gas tr ti * ^ lnClUde trit ium 

Covered by w„ processes for " * M b ' Uu "' 

- .„ issions uhich ^:;:z rc t :: 1 u "- * s u ° u 

purposes. sed for a varist • of 

As a method of producing electric* 
father comprise uMliyl elec tricxty, the method 

F es uul "mg generated hfic 
electricity by v arious J^"' to <««■*• 

porfor.in, worK, the , ethoa furt ^ As * -thod of 

,enera t ed heat t0 pcrfo " ucb J"""" 8 ""»»*•• 

"Win, e „ 9ine , , or example as * » of a 

Step (b) of these nethods involve „„„ 
conditions to induce isotopic nydrln ato lnPUt 
The e„er<,y- inpllt „ nditions J ^ -=u.u, ati on. 
electrons „ ith t „. „ ater J"''""' 1 ' 
»t«i« is p raf „ ably . „ auj and * « ' Tha 
carried out at , current of between aL " " 

-oo ... cathode sur(ace are ^ n ; b ; " » « —* 

density leveis. as indict „ " hi ^ h current 

<is indicated previouslv r 
embodiment. t-h~ y ' In a preferred 

the present invention a meta /^ tu « « -thod of 
to remove surface and near-surface • treatGd 
inhibit capability of the metal to " PUtltl " ™r 
Hydrogen- atoms. The metal ^ .LV^ 1 ^ '"^ 
- least a portion of any previously LoTd^ '° ""^ 
atoms. The treating includes surfa! " ydr ° qGn 
■eta! segment to remove a superf icL^^" 9 ° f ^ 
th. surface making may be foll ^ ^X^" 0 ' ^ 
to remove machining residue Th( , „ '^rasicn step 

involves one or both of he ^ incj ^ assin 9 P^ferably 
- Partial vacu,m. 9 ™ d ° XP ° SUre to at least 

As a method for Producing a neu-rcn h 
method includes the additional , th ° ° fcCVC 

° n01 SCe P °:- (c) forsinc, 



: i * 
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generated neutrons into a neutron beam. As a method of 
neutron-beam analysis of a target material this method 
comprises the steps of; (d) collimating at least a 
portion of neutrons produced by the. reactor to form a 
neutron beam; (e) directing the neutron beam at the 
target material; and (f) measuring physical events which 
are produced by directing the beam onto the material. 

Figure I-1A shows a cubic face-centered crystal 
structure in the lattice of a metal, such as palladium, 
used in the present invention; 

Figure I- IB shows the expanded beta form of the 
lattice, and diffusion of an isotopic hydrogen atom into 
the lattice; 

Figure 1-2 schematically shows one embodiment of an 
electrolytic cell for compressing isotopic hydrogen 
nuclei into che lattice of a metal rod; 

Figure 1-3 schematically shows an embodiment of an 
electrolytic cell having a bipolar cell stack in a cell- 
pressed configuration, for compressing isotopic hydrogen 
nuclei, such as deuterons, into the lattice of a metal; 

Figure 1-4 "schematically illustrates an alternate 
method for achieving electrolytic compression of isotopic 
hydrogen atoms in a metal lattice- 

Figure 1-5 schematically illustrates a thin-film 
palladium electrode constructed for use in the invention; 

Figure J-6 schematically illustrates a palladium 
coated electrode constructed for use in the invention- 



SUBSUME SKEEI 



| » -10- 



Figure 1-7 5hows 
Figure l-n > 

to utilize tho Xem ^Y embodiment of but ™ 

Present invention. " derived f ^n, the 

Figure r- 9 schematically 
hovering tritium. * U1UStra tes a system for 

Figure n- 5 is fl cross-sectional 
embodiment of the invention" acc °^» q to onQ 

Figure H- 6 is Q p 

apparatus d „ igned for ; e ^° r «« o, a „ e « ron . beaa 

° ne or th . invantlo J """"pnv. according „ 

Figure n^7 | r a s 
apparatos desi ,„ M ^ ^ C -f a n eutron . beaa 

invention; and ° r «"»«««nt of the 

Figur. 1,-8 is a sche„atic vi.u , 
apparatus desionad for nau « a neutro„- DM „ 

spectroscopy. ac=„ rding to .„ ot ^ t " «— -»y 
invention; Cner embodiment of the 

► 

Figure in-! shQWs 
calorimeter cell. ' Co »P^tmen t vaci|Ua _ 



"9«r. Iir- 2A shows a =ch 



oscillations. 
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Figure III-2B shows a schematic of circuit for high 
stabilization of a regulated power supply used as a high 
output current galvanostat. 

Figure III-3A shows the temperature above bath vs. 
tine (upper) and cell potential vs. time data (lover) :T.- 
a 0.4 x 10 cm Pd rod in 0.1M LiOD solution. The applied 
current was 800 aA, the bath temperature was 29.87°c, and 
the estimated Q f was 0.158 w. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.45 x 10 6 s after the beginning of the 
experiment. 

Figure III-3B is the same as Figure III-3A except 
time of measurement approximately 0.89 x 10 6 s. Estimated 
Q, = 0.178 w . 

Figure III-3C is the same as Figure III-3A except 
time of measurement approximately 1.32 x 6 s. Estimated Q 
= 0.372 W. 



Figure III-4A shows the temperature above bath v S; 
time (upper) and cell potential vs. time data (lower) for 
a 0.2 x 10 cm Pd rod in 0.1 M LiOD solution. The applied 
current was 800 mA r the bath temperature was 29.90°C, and 
the estimated Q / was 0.736 W. The time of the 
measurement (taken at the end of the calibration pulse) 
was approximately 0.20 x 10 6 s after the beginning of the 
experiment. , 

Figure III-4B is the same as Figure III-.iA except 
ti^e of measurement approx imace ly 0.54 x I0 6 s. Estimated 
Q / - O.008W, 
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figure iir- 4C is the same 

time of measurement arm™ ■ „ , e * CCpt 
Q / - x. 534 W . t ely l. 32 x 10 S S Est .^ ted 

Figure IH- 5A shows cen fc 
(upper, and cell potential vs . ^ 

0-4 x 1 r>m > 1 wer ' plots for a 

current' -Retrod, in o.lM LiOD solution 

current density M « Cm ->, bath temperafcijre ^ ^ 

Figure iij-sb shows cell temperature v «. tine 
(upper, and cell potential vs tin,* „ 

0 4 * t ^ dower, plots for a 

Curr h GleCtr0de in -lution 

Current density 64 ^ bath temperature ^ 

This ls a different th, 

5A £Srent Cel1 than that shown in Fi g Ure Iri _ 

Figure II.I-6A shows the rate of exce « „ K , 
generation as a function of - • . enthalpy 
III-5A. ° f tlme £ ° r the "11 i n Fi?u 

Figure nr-CB shows the rate Qf excess 

generation as a function of time for , h . ^ " " 
II1-5B. s " s±x in figure 



Figure IU- 7A Sftows specific pvf , 

output as a function of ti me for h el 1"^' 
5A. Celi ln Figure III 



Figure iri- 7Q illustrates tot-,1 -a" ■,■ 
energy output as a function of J*"'/ > C 

time for the roll >r> 
Figure III-5B. ccli in 

Figure IIl-o shows the cell •> 

m^t- f rt 1 ton P^rature v s _ tine 

plot for a 0.4 x 1.25 r~t i unG 

perxed during which the CGll Wen . . . ,° Ll °° fCr 3 



re 
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Figure II1-9 is a Log-log plot [excess enthalpy vs 
current density, of the data in Tables m-j and r „_ 
A6. 1. 



According to one aspect of the invention, it has 
been discovered that isotopic hydrogen atoms, such as and 
preferably deuterium atcns, when accumulated in the 
lattice of metals which are capable of dissolving 
hydrogen, can achieve a compression and mobility in the 
lattice which are sufficient to produce heat-generating 
events within the metal lattice which are believed to be 
fusion-related, as evidenced both by the amount and 
duration of heat released from the lattice, and by the 
generation of nuclear fusion products. These heat- 
generating events may be associated with neutron and 
tritium production, and perhaps other nuclear reaction 
products. 

Section I describes materials and conditions 
suitable for achieving the required conditions for heat- 
generating or neutron-producing events within a metal 
lattice. 

Section II describes the generation and use of 
neutrons according to the present invention. 

Section III describes a detailed analysis of 
conditions and events relating to heat and neutron 
production according to the present invention. 

SECTION I 

H eat-Geneo .t_iiKL_Conditi ons within n Mot-- ^ , ^ 8 „ 
A • Metal La 1 1 i c e 



SUBSTITHTF SHFFT 



\ \ -14- 



\ 



Metals and juphi , n 

roetai alloys which 

dissolving hydrogen in hlch ^ capa Wft of 

electrolytic decomposition of „ " (1) 

hydrogen (ii) ad<t hydrogen into atonic 

y«n, (n) adsorption of the a »-„ m < w J 

lattice surface, and dJ J'?' 0 " 16 hyd "**" °" the 

the lattice d *«u S1 on of the atoms into 



■»*»...« into th /„ e :r; :r; t pi h vr ro,en "° ns a - 

e.,., near hydride saturatio „, ^ ^" concentrations, 
lattice should be capaMe ol s».uL a !>K 
an increasing concentration „, 'sot ' ""^ " 

•te acc umul ate. a„d coopressea into t^ ZlZ" 

-iined herein to inc „ e a^octl" ""^ 
-«» aopea Vith selected " ™ '»-*■ ~ 

Hueller at al. IJ >. Ron et ,1 » " °* 5:rp>l: - 
^M.<=-. ana aa.oa.aal;."' 0 ; H^"'"' °anaap.,ni 

m ^,_ „ * Of these, the orn-.n ut- 

<"ia particularly diH,^« ----r- 

iri-i-. -.„.. nicke ; : r^rr rutheni - 

^reo f , such as paiiaaio^saver ana P aTL 

alloys, are favored as Pal laa 1 u»,/ceriar, 

tif—. .irconie.; ™ 

.atticT s :;::: u ; e ? a : e ::; s r cubic —tea 

elusion .« isotop ; a ;r r ° COd "»«• »ith 

the lattice is .M^tT:,"" ""° ' JtU "- 
accomodates a hi 9 „ cccnl "»» «^h 



« 4,xyn concentration of f Hf f 
the lattice, and effective^ d ^sed atoms into 

and cracking. " l ° ca1 ^ strain 
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One possible mechanism for the nuclear-fusion events 
which are believed to occur within a metal lattice 
charged with isotopic hydrogen involves a correlation 
between the valence electrons in the metal lattice and 
pairs of isotopic hydrogen which allows the hydrogen- 
atom pairs to become more localized and therefore more 
likely to fuse. Fusion occurring according to this 
mechanism may be favored by fermionic metals, 
metals characterized by n(i/ 2 , spin states. Exemplary 
fermionic metals would include titanium isotopes 22 Ti 
and »Ti„ (together making up about m of the naturally 
occurring Ti nuclides), « P d 105 (jnaklng up about 22 
percent of the naturally occurring Pd nuclides), 27 C o 
taking up^ioo* of naturally occurring Co nuclides), " 
Ru„ and Ru 1Ql (together making up about 30% of the 

naturally occurring nuclides! 4S Rh , 

^ u«-iiaes;, R"i 03 (making up 100% of 

naturally occurring Rh nuclides), 77 Ir fBak ; m „„ * _ 

193 \ ,na King up about 

63% of the naturally occurring Ir nuclides), and 73 Pt 
(making up about 33.8% of the naturally occurring Pt 
nuclides) . 

Naturally occurring palladium may be particularly 

favorable, since the 46 Pd i r„> u 

ia i05 i£ °tope has a relatively 

large neutron cross section compared with other major 
isotopes present in naturally occurring Pd . Naturally 
occurring rhodium is also expected to provide a highly 
favorable lattice. 

* 

As will be appreciated below, the metal lattice 
should also have (or be treated to have) surface 
properties which are favorable to charging with isotopic 
hydrogen atoms. Where the metal is charged by 
electrochemical decomposition of isotopic hydrogen water 
as described below, the surface should favor the 

electrolytic formation of atonir • . , 

acomic isotopic hydrogen at the 

—rtirr OtlCCT 
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the atomic isotopic hydrogen into the lattice. The 

such LT t ce " ent " iu b ° daf80ted in ««X»- 

such as platinu., whose surface efficiently catalyse 
conversion of atomic isotopic hydrogen to Secular g as . 
at the expense ot absorption into the lattice. 

for this reason, and as win b e readily appreciated 

which otherwise might provide , favorable meta! lltti _, 
environment for isotopic hydrogen fusion. „ ay „, 
unsuitable. As „„ be discussed below, the problem of 

: e :: :r„ hydr 7 n gas form " ion at ^ ^ 

=an be ..»» Md by the U5e OI Mta , Jc 

malcin, usable otherwise pote„ ti , Uy „ nu5able met ; is " US 

such iTlllTl" SUC " " Pl " inUm - 3 ""'"-PHase metal, 
such pal , adl>ra , „ ay also lj)Mb . t ^ 

to„ ch,r,i„ g of the lattice, by promoting molecular cas 
formation at the expense of hydrogen atom absorption i, 

his regard. « is xnown that many Mt a, ia oorit I ^ 
to „ gr . t . to the surface of a meta, uh.„ .1..., 
temperature for casting or anneaiing. ~ 
«... such as paUadium uhich havo bee „ ^ S °"' 

ilr'iL" a t" aUng ha " Si '" ifi "»< Pl«i~ 
inpurit.es. at their surface regions, and may therefore 

macninmn or the lik<* h ^ - 

J i lk e to remove outer sfirface region- 

would have relatively low surf ^„ • . . re< ^ons 

u . -urface impurities. The 

aachined lattice may be f.,ri-h«,- h 

, K further treated, such as with 

abrasives, to remove possible 

m_ . - . Possible oiirface contaminants fr~ , 

the machining process 

. P SS - Such »«thods for reducing 
impurities in a metal lattice are known. 
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As will be seen from below, a feature which is 
b G liov cd to be important in the invention is charging a 
»etal lattice to a high accumulation of isotopic hydrogen 
atoms, particularly deuterium. In metals such as 
palladium which are .known to undergo significant 
hydriding (with ordinary hydrogen) over time (e^ 
Veziroglu< 4 >, Ronet al.< 3 >, Mueller et al. < 2 > , , it ' is 
therefore desirable to remove at least a portion of the 
ordinary hydrogen present in the lattice prior to 
charging, sinqe this preexisting hydrogen may Unit the 
available hydride sites in the lattice. Most preferably, 
all of the hydrogen should be removed. Methods for 
removing or desorbing hydrogen from a metal lattice, such 
as by melting and cooling, or vacuum degassing are Known. 

Figure I-1B illustrates a Pd-D (palladium-deuterium) 
lattice, showing deuterium nuclei moving freely into and 
out of a cell. Although the correct description of the 
palladium/isotopic hydrogen atom system is still 
uncertain, experiments performed in support of the 
present invention, in conjunction with subsequent 

experiments reDorted hv ot-Ko^r ., 

. , »M>nvoi.B i_ne toiiowing 

features: 



1. The isotopic hydrogen atoms are highly mobile, 
with a diffusion coefficient for deuterium, D d , of about 

cm' 2 s at about ioo« K. This feature has been deduced in 
part from the measured electrolytic separation factor S 
for hydrogen and deuterium, which shows that 5 varies " 
with potential and approaches a limiting value of 9.5, 
indicating that the atomic species in the lattice areso 
loosely bound as to behave as three-dimensional classical 
vibrators. 



e « d„, /"° 1SOt ° PiC hydr ° 9 '"' °" ist « "uclol, 

d„„ t8rons (D>) ,„ the u ^ 

migration of the nurioi i„ , 

cne nuclG1 ^ an electric field. The 

to b e delocal 12e d in tne band struccure q£ ^ 
lattice. 



3. It is possibie to accunulate enough isotop:c 
hydrogen atoms in the latUce tQ ^ ^ P 

Pote ntlal of the lattice tQ abQve o 5 ^ ^ ^ 

high as 2 ev or .ore above the chemical potential of the 
»etal equilibrated with the isotopic hydrogen atoms at 
standard pressure (i^., without inpufc Qf 

4. Although the repulsive potential of the 

isotopic hydrogen nuclei is shielrW 

. s snie l^ed to some extent by 

electrons in the metal lattice it 5 « „„i u , 

. xatuice, it is unlikely that 

molecular isotopic hydrogen, e q n ic . 

y ' SiS., D 2 , is formed, due to 
the weak S-character of the elorfvnni 

Further r electronic vavefunctions . 

Further formation of hydrogen- isptope gas in the iattice 
has not been observed. 

The metal should be a solid form i e ; n , K , 

r, <-ne metal may be in thin-film 

s„aii p artl ca 8 r„ r „. such as „ hen the UM 

descry ln section ID . The anode 5houla b(j 

spaced from the cathode in mv r,t «.., ' 

in any of these conf igurnticns • •■. 
order to achieve uniform charging. 



WRSTITIITE SHEET 



• 

Figure 1-2 shows an electrolytic cell or system 10 
for electrolytically charging a metal lattice with 
isotopic hydrogen atoms. As defined herein, "charging" 
means concentrating isotopic hydrogen atoms into a metal 
lattice. The charging process is also described as 
"compressing" isotopic hydrogen atoms into the lattice c 
accumulating said atoms therein. As will be seen, the 
charging or concentrating process must be capable of 
concentrating isotopic hydrogen atoms into the lattice t 
a concentration significantly above the concentration of 
the hydrogen atoms in a metal hydride equilibrated at 
standard pressure (1 Bar at 273°K) . 

In the electrolytic charging process illustrated in 
Figure 1-2 , ~ an. aqueous solution of isotopic hydrogen 
water is electrolytically decomposed to form isotopic 
hydrogen atoms, including (designated 1 H, or H) , 
deuterium atoms (designated 2 or 2 D or D) , and tritium 
atoms (designated 3 X H or J T or T) , and preferably 
deuterium alone or in combination with ordinary hydrogen 
and/or tritium. The invention also contemplates loading 
of lithium atoms into the lattice, either alone or 
preferably in combination with isotopic hydrogen atoms, 
to achieve nuclear fusion reactions involving lithium 
nuclei, such as neutron interactions with lithium nuclei 
within the lattice to produce tritium. Suitable sources 
of lithium for charging are given below. 

The component which is decomposed to produce the 
isotopic hydrogen atoms is alio referred to herein as th 
isotopic hydrogen atom source. One preferred source is 
an electrolyte solution of dcuterated water, or an 
electrolyte solution of dcuterated water containing 
ordinary water and/or tritiated water, containing an 
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electrolyte such r *^ 

r ^ucn as LiOD or Li cr\ ■ - 

variety D £ iso^i i ^ *' r ° r exara P*e* A 

J r:r r i ;r a r us ~- - 

' ^raciated acids n <;n e~ 
deuterated or trin,K , u ' 3 * r exam Ple, and 

cp, Ue ot . HZ «* » Naoo or LiOD, 

electrolytic decomposition t-r, < 
corresponding Atopic h ydro gen at " ^ 

* gen at °n>s are suitable. 

The electrolytic source prefers, v, • , 
ordinary water to neavy water ' lnClUd6S ^ 

0-51 ordinary „ ate r t7 99 « , ° f 3b ° Ut 

water. " "' 5 * deute ^ *nd/or triti.ted 

Alternatively, the source of isotonic „ * 
be ordinary water, deuterated water trTtLt d "'^ 
any combination of the tbree i n mo r ^ « 
the ration of ordinary hyd lei " ^ 

lattice to tne total deuterium nucl ^ 
tritium nuclei (tritons, je * (deuterons) and/cr 

to 1:5. ' 15 Prefe ^V between about 5:1 

A variety of non-aqueous solvents , 
suitable sources of thp i , . " tS may als ° provide 

es ° £ the isotopic hydroopn -.t- 
solvents ? — , ...... . . . nyaro 9 e " atoms. These 

" ' -*«>-^«jvj^ ISOUOD1C hvHron rt « 

poivnec.ear aro^tL iS.!™"" 0 '- 

="<=h as hydrooen sulfide ,P = ".Jdro,.„ .atoos 

solvents „„ b<! dil „ t „„ -"Itldos. The 

ay diluted or suspended in -,„ ,„.. 
contalni„ 9 either no„- is otopic or isot * """'•^ 

other -ol.,t. isotop lc water and 

-Oiute co.pononts as oontionod above. 

The source nuid . Iao include 
-"ith <«,,«, co p.Uo„ the e „. lytlo J 



g ecr.ponen 
of the 



vwmm mi 



cathode, to prevent reaction of surf ace'bound isotopic 
hydrogen atoms with isotopic water, to forra molecular 
isotopic hydrogen gas. A variety of compounds which are 
effective to inhibit the catalytic formation of molecule 
hydrogen on a metal surface are well known. These 
include a number of sulfur-containing compounds, such as 
thiourea or hydrogen sulfide, as well as cyanide salts 
and the like and are added to the fluid in amounts 
effective to preferentially inhibit molecular gas 

ice surface during electrolysis. 
Concentrations of catalytic poisons which are effective 
in electrolyte solutions are known. Components to 
enhance electrolytic activity such as lithium sulfate ne- 
also be added. 

The system may further include a non-submerged 
heating or catalytic element (not shown) which can be 
heated to promote catalytic recombination of molecular 
isotopic hydrogen, such as D 2 (formed at the cathode) ar.; 
0 2 (formed at the anode) to regenerate isotopic water. 
It is additionally possible to have a submerged catalytic 
anode to serve this sam* purpose, particularly when the 
system is infused with deuterium gas (D 2 ) . 

As shown in Figure 1-2, the aqueous source of 
isotopic hydrogen is in a container ia , which is 
preferably sealed, to recapture material, such as 
molecular isotopic hydrogen, which may be* generated 
during electrolysis. The cathode or negative electrode 
in the system is formed by a metal rod l r> whose lattice 
is to be charged with isotopic hydrogen atoms. As 
indicated above, the cathode may be a block in the forn 
of a plate, rod, tube, rolled or planar sheet, or the 
like, or an electrode having a thin-film metal lattice. 

as detailed in Section 3D. As jin >> rt - > * * 

mo fJi^i i>q appreciated bo lev , 

the shape and volume of the cathode will determine the 
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amount of heat which can be qeneirtl - - 

given electrical potential th * -tal. at a 

The anode or positive electrode 18 in th 
typically includes a wire or- * Systera 
sue- a* hoi- , 5heet wi thin the cort -,.„ 

* 32 hel ^al wire i 8 whicn encir _, M corjt -— ^r. 

as shovn. The ,„«,. . encir <=les the metal rod 16 

ine anode conr iaurat- < «~ «. 

expected to produce a rel 1^°" " * 

in the rod during the elec^ r l ^ 

The anode may be any .... mC char 9™g operation. 

suitable cpnductor, such *<= 
Platinum, nickel as 
' , - lt - Ae - L » or carbon, which ,>c„), 

^th the iiq - uid components 1Ch « ^es not react 

undesired reactions container to produce 



A charge-generator source 20 i„ ^ 
connected convcntiona Co ^° - •».«- is 

~ «o.c' po::;- sou t e s °:r; - - 

alternative, a „ inter „ ltto „ t of *■ " «»~n. or 

current source. p u ' c * charge or 

T m s »i ni » u »"=;;;; nt ";;;:;,: / :' r :— — 

*.-ir«d final cho.ical " ~ hi «« 

:r m th6 « al lott L .;«« f 

betveen aboet 2 »„„ 2000 ^ , ~ c "rent= are 

currents „ y be uaed /C " ' alth °"<"> «* hioner 

r ue uoed and may actually be 

larger cathodes or with mnr Preferable for 

1 Wicn more conduct^^ > 

iO.000 or hJ >* °< "P to as hlqn „ 

"Plications. X, lh . cur „„ t " 

the diffusion rate of i b "> h - "<~evor, 

— 1 lattice ma y ^ ^ ^ ^ ^ 
syste, towards formation of 1 ^ ^ 5 "«^ «* 
which lowers the off. cicnc „ f , is °to pic hydrogen. 

- c ^nc, of heat generation in the 
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system. A stepwise electrolyte charging of the cathode, 
as illustrated in subsequent Sections, may be useful in 
avoiding the rate limiting effect particularly at 
increased current densities. 

In a charging operation to accumulate isotopic 
hydrogen atoms, the source fluid is placed into the 
container 14 to a level which submerges the electrodes, 
and the charge-generating source is initiated by being 
set to a desirable current level. The total required run 
time for a metal lattice of known dimensions can be 
generally determined from the above diffusion coefficient: 
of about 10~ 7 cm" 2 for hydrogen and isotopic hydrogen in 
the metal. Typically, for a metal rod whose diameter is 
in the mm range, run times of from several hours to 
several days may be required to reach the desired 
chemical potentials. For rods whose diameters are in the 
era range, run times of up to several months or longer may 
be required. An example for charging is to charge a 
cathode at a relatively low current level of about 64 
nA/cm 2 for about 5 diffusional relaxation times and then 
to increase the current to a level of 120, 256, 512 
mA/cm 2 or higher in order to facilitate the heat 
generating events as is suggested by Table AG-1 in 
Section III. It has been found that the charging time 
(which varies at different cathode temperatures) 
generally follows the equation: 



Thus, for a 0.2 cm radius palladium rod, the tine needed 
for sufficient charging to initiate heat generation is: 



time " 5 (radius) 



di f fusion coef f ici ent 
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10^ cm* sec - * 1 
20 days 



The charging of the metal, j^. , electrolytic 
expression of Atopic hydrogen in the metal lattice, is 
carried out to a final chemical potential of isotopic 
hydrogen in the metal, due to accumulation/compression of 
isotopic hydrogen nuclei in the lattice, which is 
sufficient to produce a desired level of heat-generating 
events within the metal lattice, as evidenced both bv the 
amount and duration of heat generated within the lattice 
and, where the isotopic hydrogen is deuterium, by the ' 
generation of nuclear fusion products, such as neutrons 
and tritium. 

Preferably the metal is charged to a chemical 
potential of at least about 0.5 eV above the chemical 
potential of metal hydride equilibrated at standard 
Pressure (i bar at 273° k, j^. witnout enerQy 
Specifically, the chemical potential of the charged " 

catheds metiai i s determined against a rpfnr.n, 

«v«xii^L a rererence wire cf 

the same metal, palladium, which has been charced 

electronically with the same isotopic hydrogen atoms, 
then allowed to equilibrate at standard pressure (1 bar) 
It is estimated that the reference wire contains about 
0.6 atoms of isotopic hydrogen per metal atom at 
equilibrium. The chemical potential is determined from 

the voltage potential measured between th. 

. w«-«-ween the charged metal 

cathode and the equilibrated reference wi rc . it win , c 
recognized by those skilled in the art that the chemical 
potential expressed in electron volts (ev, is general^ 
equivalent to the measured voltage potential- i e a 
measured 0.5V generally translates to a 0.5 evThenical 
potential. It will also he recogn^ed that the chemical 
.otcnt.al requ.red to produce heat-generating events nav 
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depend on the metal being charged. Therefore, some 
metals, e^*, zirconium, may produce such events at 
different, perhaps lower, chemical potentials. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the system 
described above will be considered with respect to an 
alkaline solution of heavy water as a deuterium source. 
Below are shown the four reaction steps which must be 
considered when D 2 0 is reduced at the cathode: 

D 2° + e - D ad. + 0D ~ (i) 

D ads - D lattice (ii- 1 ) 
D ads * D ads "* D 2 UV) 

where D , indicates adsorbed deuterium atoms, and 0 

lattice 

indicates deuterium diffused into the lattice. 



At potentials more negative than 450 mv (referenced 
to a reversible hydrogen electrode) with the Pd-D lattic 
is in the beta (fl) phase, deuterium is in the form of 
isotopic protons and is highly mobile. 



e 



The overall reaction path of D 2 evolution consists 
dominantly of steps (i) and (ii) so that the chenical 
potential of dissolved D* is normally determined by the 
relative rates of these two steps. The establishment of 
negative overpotentials on the outgoing interface of sone 
metal electrodes for hydrogen discharge at the ongoing 
interface (determined by the balance of all the steps (i) 
to (iv)) demonstrates that the chemical potential can be 
raised to high values; chemical potentials as high as 0.5 
cV can be achieved using palladium diffusion tubes {2.0 
eV cr hiaher may be achievable) . 



1 
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Figure 1-3 is a schematic 

system or cell 24 havina a hi , electrolytic 

fi2ter-p ressed conf 9 3 blp ° lar stack i., a 

jessed configuration, a r- B n 

provided with a series of N , con ^i n er 26 is 

membranes 28, 30, 32 arr * eCtrode »°»brane S , such as 

These membranes form 'the COntain " as shown 

barged by electrolytic " ! " ^ '° 

hydrogen atoms, in l CCo 2 ^ ^ 

r xii accordance wit-h m 

membranes are preferably cl ose V ""'ention. The 

f^s 28a, 28b associated with k SUCh as 

, . a ^u with membrane ?a *^ 

d iS s lpa ting heat generated in tne J * *' ^ 

in the membranes. 

The membranes are joined by seals . 
the container along their top Lt toffl ^ '~'* nS 

and thus partition the interLr of tb ^ 
dosed compartments, SU ch a , , h "Gainer i nco N+1 

-e left side of th . containe L^T^ 34 — 
23, the compartment 36 between n, T ^ ^ r ' enb «ne 
compartment 38 between the 1 h " 3 °' ^ 

th " container in the (i9ure " " riohc sid 

* ""^-controlled conduit ,« „ 
co„part»e„t n for „ JL^""^- 

operation. A «„ it Bani , old «■»*«• curi,, 

foot shoon. one for each through valves 

— uith sooreo ™l ^T^U? . """" ^ 
each cha„bo r duri „ q """"""9 0 ; .c: =sa 

The electrolytic h>-;. • 

P-ided * an anoa „ „T! "» 

"PPOsite endvaUs „, „ Tel'"** " 

cnar ge -,e„erator source Vl '""' " S "°'' n - 

"fee .4 connecting these c 



e 



cathode 49 i nr ^ ft , 

J i oca ted at th 

and a 

wo 
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electrodes. The electrodes may be any suitable electrode 
material. Preferably, the anode is platinum or carbon, 
and the cathode is palladium. The charge-generator 
source is designed to produce a current between the 
electrodes of preferably between about 2 and 2000 mA/cra 2 
(total area of the membranes) , as above. 

A series of limiter circuits, such as circuit 46, 
one for each pair of membranes, such as membranes 28, 30, 
function during operation of the cell to equalize the 
currents in adjacent compartments, for a purpose to be 
described. Such limiter circuits are known in bipolar 
cell stack electrolytic cell circuits. 

In operation, each compartment is filled with the 
source fluid, such as lithium deuteroxide (LiOD) and 
ordinary water in DjO, and the current in the cell is 
adjusted to a suitable level. As indicated in the 
Figure, the voltage potential across the anode and 
cathode is distributed, in a series configuration, across 
each membrane, so that the left side of each membrane is 
negatively charged with respect to the immediately 
confronting anode or membrane surface, and the right side 
of each membrane is positively charged with respect to 
the immediately confronting membrane surface or cathode. 
Thus each compartment functions as an electrolytic cell 
in which the solvent source of isotopic hydrogens is 
electrolytically decomposed at one membrane surface to 
form isotopic hydrogen atoms which can then diffuse into 
that membrane. 

The electrolytic reaction steps which are 
responsible for charging a metal lattice in the stackod- 
cell system will be considered, as in the Figure 1-2 
electrolytic cell, with respect to an alkaline solution 
of heavy water as a deuterium source, and the four 



i 
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reactions which can contribute i-„ r, 

membranes- "tribute to D compression in the 



D O + e~ - d 



«l- + OD (i) 

+ D 2 ° + e - D 2 + OD" 
D . -» r> 



(iii) 



Reaction (i) occurs at the rinht / 

co»part»e„t. Because D, ato». • . 

into -a t ta o„ gh the ^ ^^.^ — 

cell fi e i-k • ■ . cathode m the 

(i^., to the right x„ the f igure) . When 

UtU„ atoms reach the right side of the membrane 

reaction ( i \ A \ ^« .-v. 

" lJ.li; i n the reverse direrf^n ~ ^ 
uh{ , direction produces D 

which can then react with the OD" for, * - ada 

tne od formed m the mi— 
to compartment a • , - ated- 

ent. Alternatively,, the D 8de atoms can - ea ^ 

in thG ""P^tment, via reaction (iv) to form n 

the compartment. The ctw „„ { _ J..' * m °> ^ as *" 

■» - «» Plates are .nj^r " ^ 

As indicated above, the U miter circuUs , . t 

equalize the current in k Us act to 

current in each compartment rt > 

appreciated that by maintaining the current 

compartment substantially equal the am 

/ cr| e amount of n * 

in one co.partnent and Jravn throooh ',-h *"" 

co„ P art„e„ t . This mlnlalM the * I""?""'"" 

in «*. co.pa rt „ snta , K_ Q .. °> 

ny reason o f D . d> an, oo" a t th . pe„ br a„; °" ° ! ° 
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One advantage of the stacked plate arrangement just 
described is that the amount of o, and D ? formed in the 
system is minimized since 0 2 formation is substantially 
limited to compartment 34 and D 2 formation is likewise 
minimized by recombining with 0D~ in each compartment. 
That is, the total chemical potential in the system, 
which is the sum of the individual chemical potentials of 
each membrane, per amount of molecular gas formed by 
electrolysis, is increased. The efficiency of the system 
is increased accordingly, and problems of recycling 
molecular gas are reduced. 

The stacked plate configuration also allows for a 
rather dense packing of charged plates, without the very 
long diffusion times which would be required to fully 
charge a solid block. The dense packing of charged 
plates, in turn, will result in a much higher neutron 
beam flux, as measured, for example, at the right side of 
the cell, since a large percentage of neutrons ejected 
from each internal plate will pass through the entire 
series cf plates in the cell. 



C . Charging with Met al Hydrides 

Figure 1-4 illustrates schematically an alternative 
system, indicated generally at 50, for compressing 
isotopic hydrogen atoms into a metal lattice, in 
accordance with the invention. 

t 

The metal to be charged in this system is in the 
form of an intimate mixture of the metal and a metal 
isotopic hydride, such as a fused metal isotopic hydride 
salt, or a mixture of a fused metal salt and a netai 
hydride, which provides the source of isotopic hydrogen 
at ess. Exemplary fused r.etal hydrides include Li/Na/K/D 
(deuccride), and related hydrides such as Li/Ha/D. 



Exemplary mixtures of fusod s ,,. . 

»i*tures of U/Ha/K/d and ^'l"" '"""i' ' 

- - - u. or ,o-o;t;:^ rr«. 

« ^T™— - - P-~ for, 

such as particles 54, with fch , 9 " partic ^ 

, wicn the fused 

formulating the mixture into a cob " 

to k „ou„ peuetirin, methods. " l ™ to *"' "cording 

Hydride sa lt s „ e, leutat- to ° f «*« to 

excess of Atopic hydrogen tD ^ * * "T" toW 
mixture. *etai atoms m the 

The mixture is sintered at a su> > k> 

mixture. After sinterino th 2 "'^"9 of the intimate 

-.r ial is measured, "rio ^ n"' P ° te " tial "» 
sintered materia: may bo furthsr '"a 

electroayticaUy. to bring the che a, oo^ 
material to a desired level. Potential in the 

Alternatively, the mixture can h. k 
energy ,«„ s (noc s „ « * by hi q h- 

«i«usio„ of hydrogen isotope a torn" "7 ^ P " m ° te 
-urce into the lattices of V pr ° du «« 'to. the 
specificany. the heat so ce s "o !' 
energetic shoe* vavo sufficicn to d 

atoms into the metal to , M , " "><*°1™ 

least about 0.5 ev within . Cho " i " ' Pctential c; „t 

less. • a pcr *° d °f ■''bout a asee or 

Devices for focu-ino w 
materials Mv follow * ' ^ bea - onto pell eted 

' f ° r GXan P ,e ' technology 
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developed in connection with inertia! - cc~nf inement of 
high-temperature plasmas. 

It will be appreciated that the »ctal lattice formed 
by the sintering method can be prepared to contain 
selected mole ratios of isotopic hydrogens atoms, such as 
selected levels of deuterium and tritium atoms. 

D - Thin-Film Lattices 

Figures 1-5 and 1-6 illustrate two types of thin- 
film metal lattice composite electrodes designed to 
support more controllable fusion reactions, in accordance 
with another aspect of the invention. The electrode 4 1 
illustrated in Figure 1-5 is produced by forming a metal 
lattice thin-film 43 on an electrode substrate 45, such 
as carbon. 



In one embodiment, the 
"inactive" material which it 
isotopic hydrogen atoms to a 
fusion events. 



substrate 4 5 may be an 
self cannot be charged with 
level which supports nuclear 



Alternatively, the substrate 45 may be a material 
capable of supporting fusion reactions when charged with 
isotopic hydrogen atoms, as above. One advantage of this 
configuration is that the surface properties of the 
substrate material can be largely masked i n such a 
composite structure. For example, the substrate 4 5 nay 
be a platinum metal lattice which is coated with a thin 
palladium film 43. Here the palladium is effective both 
to promote surface adsorption and diffusion of isotopic 
hydrogen atoms into the electrode film 43, and to prevent 
catalytic formation of hydrogen gas at the platinum 
interface 44. 
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In the embodiment in which "h^Z _w 
the f ilm are latt ln Wh - h the substrate and 

h — - ProduCG h i: : : e a . ith isotopic 

substrate material is prefix r ^ Ctl ° nS ' th * 

because of its level f eferabl * one which, either 

ics level of impurities or <«. 
-talytie properties, cannot by itse f T 

electrolyticaliy with hyd ^J^"" ^ ch-rgod 
substrate metals include pallL ^ Pref -red 

os^ium, nick : iu L; hodium - rutheniu ™- 

titanium, platinum h,f ■ ' Zltconi ™> 

Likewise the thin ^, aU ° yS hereof. 

cne thin-fun metal simiii*-i„ ; 
support energy or neu , rn s ^^arly ls one vn - ch 

select chemLa ^ ^ J """^ " 3 

— the metal to^ ^ J 7^ 

fll- -als include those ^vious ^ J ' ^ 
including palladium >-h ^- ia entified, 

»lloys thereof 1" \ \ ' """^ — 

evaporation, and chemical « ' Sputt * ri "*> 

films may be suitable. although thicker 

in one thin-f iJm nethod< t}je . 
out in a closed chamber by DC fflan /°^ tl0n 15 ca "ied 

sputtering, at a selected" ! " ^ * RF 

^ t - Lea pressure of 
gas. The gas pressure in th* „ lsoCo Plc hydrooen 

c in the chamber <-^i 
isotopic hydrogen atoms in the thin f • Sel ° Ct ° d 

exam plc , the sputtering .ay be crri'J ^ ttlCC ' 

. carried out i n a 
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The composite electrode may be ehvTove* ■ 
electrolytic coll , such as des J ibed e ^ v 7 d .- 
solid metal lattice cathode. Here the Z " ? ° ? 
is chafed electrochemical!, to cllT 
Efficient to promote . fus L r^^^""' 1 

preferably with conHn,, ^ ««cion. as above. 

1 Witr i continued suddIv ~i 

"PPly of electrolytic current. 

One advantage of the thin-film electro^ „ 
substrate is inactive is thp ! ele <*rode, where the 

Production which is possible hMt 

-pports fusion reac : :: b ; n r c : the thin mn which 

auicklv ^ • 1<>nj Can be charged relatively 

quicXly to a desired level i-k y 

ievei, and the reaction win h* 
expended relatively quick lv af f 

dissinaM™ .5 q after ^Cincr. Alsq# h 



dissipation from the thin Ml. „ ^ Xn9 ' ^o^heat 

controlled by , luid • -° re a ~urac^Tr~ 

.luajjfi ow in cont act with the fiin f „ 
sample, through ^e^ b stratG . ' fUn ' f ° r 

Figure l- 6 shows a tubular electrode 

itself h» , J ' ° r alte rnativelv aay 

it,elf be formed of a material havirn a l^- ' 

^ . . Mavir '9 a lattice C^^^hl^: 

-H^cxng fusion reactions when charged with IZ 
hydrogen atoms, as above. ectopic 

In still another embodiment, the substrate «, 

embodiment, the energy procJuced „ ^ thl - 

Him 49 can be di ssipatG(j ^ « thin- 

fluid flow. internal and cxternol 

in still another embodiment, the substr^ 

selected material whose ate-,- can b,V * * 

, ccaj can be transmuted k v 

bombardment with high enc - v ri1n -,, " 

ganaa «V3. neutrons, „ cr * 
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Particles produced by the ' : 

»■* «» a ..^conductor SU b s L f PC ' Subst *"«. 

isotopic do Pilnts . •" ,bst <«*. with selected Mtal 



In accordance with — as^L-Latticg 

invention the an r aSpeCt of «!• Presen- 

' the apparatus include.: ™~ P^esen.. 

charged „ t>l — »" tor . xclUng the 

(a) 



incorporation of y^^- • 

which k rad ioasotopi c atoms {or , ton<s 

which become radioisotopic unnn 
neutrons) P capturing 

trons) xnto the metal lattice- 
to) incorporation nf , - 

flui/ radioisotopic atoms in th . 

nuid source nf nG 
(c) f or ,„ „. ^otopac hydrogen; 

ion of a thin metal lattice on a 
radioisotopic substrate; 
W incorporation of a r^H.I- 

3 rac »101SOtOplc thir. F«, 

■«tal lattice substrate; ^ ° n 3 

f<?) placement of e-^i • . 

— --:rr::\;::t:;r y ray - 

"ithin th. core „, ... latt1 "- Su " " 

^ * ** -Lattice; 



— « j. v_ t: r 

9-eration of neutrons in the lattice 
-corporation of berylliura Qr . 

Lttlc. and/or the accent subltr e ° ^ 
<*> aeration of o- particles in \[ 

-corporation of boron or the ill * 

lattice and/or fh» lnt ° ttlG 

, M . no/or the adjacent substr^ 

(h) bombardment of k rostrate; or 

" C of th e charged latti^ , 
energy parties "ttice by n hich _ 

yr particle source or acccler-,^ 
a neutron or po , itrnn e " tor < s "ch as 

py^uion source or- 

deuteron accelerator. " Pr ° t0n Cr 

In one embodiment, the lattice conr • 
atoms, such as 60 Co 'o^ l06 117 nt3lns radioactive 



«TmiTC cucrr 



p Cr/t,. S 90/0l32« 
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«/« .1*. ... ; nd ; or ^ «u 9aMa u , 

Amatively, or « a (/» Particles. 

atoms which r ad<i ition, the i a tn 

hioh ""i-isotopic at " <=«>t«In 

"i9b-ener gy pactic , p ' c <>to.s upon bo»b ard . H . 

neutrons when bombard ^ ^-"u*, which 
b °™», which produces alD 7 arded wi *h ^Pha particle. 

i neutrons , j.it; ic r icies when r wit °; 

^bar ded with high- " Can -utrons 

-^oi Sotopic ' - 1-ttac. is placed agai 

or solution of r ,H- • sub ^rged in a 

the ; at T sotopic — 

"•utrons 'l \ tlCe is *».bardPd „ ifh ° ther 

rons, protons, deuteron* rt d Wlth high-energy 

^9h-ener gy particJe G J° ns °r the i Ue fr<a- £ 
acceler*!^ s °urce, SUch n external 

"era tor or an electric! „- P«ticl e 



F. 



iisa ^aMjaeutron r 



T ™s section considers f, • 
crating eVents J S f ^°n-related heat 

attics re believed 

1Ce ^^cture charged with i ° CCUr in ■ 

basic heat g e „e ratlo ^ hydr °^ 

J PPort of tho n 10n ex Perin 1 ents Derf 

°i the present invention „ Performed i n 

,thod - reduction f ; o t m 1 7. W6re on the 

!m Pcrat Ure u~; Uquid P^se , t „ 

u *"e usmg current density . Car ro om 

to 7 0 rv\/r--,? uen ->»ties between ->k 

to-h ^ deut «riu« atoms w. ° 8 a,,d 

° ;*-t and rcd , - ^ C °^-sed 

30 *»• SI 0?o + 0 5 . H 7 1Jad «- -tal f rora 0 . u , 
: enti^i >" 2 u solution*- r>> 

nc *ais ,. ere nea lon - Electrode 

«7* « Pbose eco,,,: - • «-» to (ore „co 

1 °-'inq , J 2 descriho^ 

y --Pes of otser->-,v bribed ab OVe . -r n „ 

• — lens were nade: 



W/QOTn-M-r,- , 
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(11 Caiori-etric measurements of. heat balance „ 
ow c t densiUes (<1 ^ c> . 2) _ o ^ 

Matthay. ™, surrounded by , Urge pl . tinun sh<!et 
counter electrode. Measurements were carried out in 
Devar cells maintained i„ a iar 9 e constant temperature 
watar bath OOO^ , the te.peratare inside 
of the eater bath bein, monitored with BeOcmann 

ZlTZT', The heavy " ater equlvaUnt "»» «. 

Deear can and contents and the rat. of Heeton's lav of 

1712 uere det * rnined by Mdition ° f <V> - 

by followmg the cooling curves. 

(2) Calorimetric measurements at high current 
densities were carried out usina i 7 ^ , 
v in ™ i . ' ' 3nd 4 diameter 

x 10 cm long rods (obtained from Johnson-Matthey PLcl 
surrounded by a platinum wire anode wound on a ca ge o 
glass rods. The Dewar cells were fitted with resistance 
heaters for determination of Newton's law of cooling 
losses; temperatures v ere raeasured using calibrated 
thermistors. Stirrinn ; r% *-k 

Ti.fr, „ Stl " in 9 ^ these experiments (and in those 

listed unHor t\ r>-*~ i- , . ^ c 

, ... o^.evea oy gas sparging using 

electrolytically generated D . in )™n «. 

;„ . . 2 In lon 9 term experiments, 

xt has been confirmed that the rates of addition of „ o 

to the cells required to maintain constant volumes is' 

that required if reactions (i>, and 

IB above, are nearly balanced by the react on-" 



"10D" - 2D 2 0 + Q 3 f 4e 



(v) 



Furthermore, subtraction of the oh mic potential 
losses ln solution for the cell containing the large 
Plaunum-anode shows that the electrolysis of the D 0 I- 

the dominant process i P i<- 2 

. ' — " xt 12 assumed that the -joule 

heating is close to that required if th. 

^ Ui4CU 11 the overall re^r-inn 
is controlled by processes (i , (ii > An „ ,. / reac ^°" 

Ul) , and (iv) . with 



this assumption, it has been found that the calorimctr ic 
experiments using the large sheet Pd-cathode, the 
Newton's law of cooling almost exactly balances the rate 
of 7 oule heating (after prolonged electrolysis to 

saturate the metal latticp* uho« , , . 

cuce '- when the metal is charged at 
a current density of about 0.8 mA/cm 2 . 



^ At higher current densities of l. 2mA cm" 2 and 1.6mA 
cm excess enthalpy generation of > 9 % and >25% of the 
rate of joule heating was observed (these- values make an 
allowance of about 4% for the fact that D 2 and 0 
evolution takes place from 0.1M LiOD rather than' 0,0 
alone). This excess enthalpy production was found\o be 
reproducible in three sets of long term measurements. 

Table lT A below shows the lattice heating effects 
which were seen with a variety of cathode geometries 
sizes and current densities. The excess specific heating 
rate was calculated as the amount of heat produced less 
the joule-heat input used in charging the electrode. Thc 
:oule-heat input J , also referred to herein as the joule- 
heat equivalent, was detained by the equation: 

J - I (V-1.54 volts) 

where I is the cell current V the vnit--.^ 

•.tin., v, tne voltage across the 

electrodes, and 1.54 volts is the voltage at which 
reactions (i), (ii )( and (iv) balanced by Action (v, 
are thermoneutral . Ke., th e voltage where 'the cell 
neither absorbs nor gives out heat. The excess specific 
heat values are expressed as excess specific heat rate in 
watts/c.r. 
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^lectrode Electrode 

Dimensions 



rod 
rod 
rod 

rod 
rod 
rod 

rod 
rod 
rod 

sheet 
sheet 
sheet 



- 1x10cm 
. IxlOcm 
. lxiocm 

-2xi0cm 
. 2xl0cm 
• 2xi0cni 

. 4xi0cm 
. 4xl0cm 
. 4xiocm 

. 2x8x8cro 
♦ 2x8x8cm 
- 2x8x8cm 



cobe 1 cm 3 



Purr nnK 

u *- JL en C 
(mA/cm ) 


Excess 
Specific 
Heat Rat? 


8 

t>4 


. 09 5 
1.01 
8.33 


512 


8 

64 

512 


.115 
1. 57 


9.61 


8 

64 

512 


.122 
.1. 39 


21.4 


.8 




1.2 
1.6 


0 

. 0021 




.0061 


125 


overheating 



oroJT- ParamGterS WhiCh enthalpic heat 

production an the compressed uttlr. ... 

magnitude of the effects can h„ """ """^ ^ 

foil • 3 Can be a PPreciated from the 

following observations on the Table j- A d , 



ata: 



(a) excess enthalpy heat generation (the tot,) . 

produced in the lattice less fho * , lea:: 

^-^ Iess the noule hp-^^ • 

required to charge the lattice 1 bivalent 

y cne lattice and maintain tho !,..«. ■ 
xn a charged condition, is markedly ' ^ lattlc * 

applied current density M e J ** end,mt °" the 
the chemical potential) of shift in 

of the electrodes, £ / " »» — 
xn the bul* of the Pd-electrodes. 

(b) enthalpy generation can exceed io vatts/cV of 
the palladium electrode; this a tt./cn of 

tnis is maintained fnr 



experiment times in excess of i 20 hours-dur ing which 
typxcally heat in excess of 4 MJ/c.V of electrode volume 
was liberated. 

(c) excess heat substantially in excess of 

breakeven can be achieved, in fact it M „ k 

.mi iact, it can be seen that 

reasonable projections to 1000% can be made. 

(d) the effects have been determined using D 3 0 with 
small amounts (0.5-5%) ordinary water. Projection to the 
use of appropriate D 2 0/DT0/T 2 o mixtures (as is commonly 
done in fusion research) might therefore be expected to 
yield thermal excesses in the range 10 3 - lo*% (even in 
the absence of spin polarization) with enthalpy rele ases 
in excess of 10 kw/cm\ It is reported here that under 
the conditions of the last experiment reported in the 
table, using 0,0 alone, a substantial portion of the 
cathode fused (melting point 1554°), indicating that very 
high reaction temperatures can be achieved. 

One possible explanation for the generation of 
excess enthalpic heat seen in the charqed lattice would 
involve reactions between compressed nuclei within the" 
lattice. As noted above, isotopic hydrogen nuclei 
dissolved in a metal lattice in accordance with the 
invention are highly compressed and mobile. m spite of 
this high compression, molecular isotopic hydroaen <__£ 
D 2 is not formed, due to the low S-electron character of' 
the electronic wavefunctions. The low-s character 
however, combined with the high compression and nobilitv 
of the dissolved species, suggests the possibility for i 
significant number of close collisions between the 
dissolved nuclei. It is therefore plausible to consider 
that some of these collisions produce reactions between 
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-y ~r 1B the case of doutoriun . sotop . o h ^ 



T(l.OlMeV) + H(3.02MeV) (vi) 



2 D + 2 D - 3 

D + 2 D - *He(0.82MeV) + n(2.45MeV) (vil) 

0 + 0 - He + gairuna(24 MeV) , ... 

1 ' (van) 

These reactions would be readily detected by the 
Products of tritium {T) , and generation Qf h en 
neutrons (n) and gamma rays. 7 

The rate of production/accumulation of tritium ( T > 
was measured using cells (test tubes sealed with 
Parafilm, containing imm diameter x lOcm palladium red 
electrodes. One mL samples of the electrolyte were 
withdrawn at 2 day intervals, neutralized with potassium 
hydrogen phthalate, and the T-content was determined 
using Ready-Gel liquid scintillation cocktail and a 
Beckmann LS5000TD counting system. The counting 
efficiency was determined to be approximately 45 * uai- 
standard samples of T-containing solutions. 

In these experiments, standard additions of i mL 0 - 
the electrolyte were made following sampl ina . Losses ^ 
0 2 O due to electrolysis in these and all the other 
experiments recorded here were made up using n 0 alone 
A record of the volume of 0,0 additions was made 'or ail 
the experiments. In aU of the experiments, all 
connections were sealed. r 

The tritium measurements show th.it- nrr, 

cnac °TO -iccunulatos 

I" ^ ChargCd P alladi - "lis to the extent of about 100 
cipm/ml of electrolyte, Figure I- 8 , which shows the p 
decay scintillation spectrum of a typi cal sample 
demonstrates that the species is indeed tritium.' 



^9ur e I- 9 is a schernatic view Qf elec 
generator apparatus 32 constructed according to one 
«bodx..nt of the invention. The apparatus genera 

includes a reactor 34 uhi^k y 

•.cui-uoc J4 which qeneratp? hn»f <~ 

with «-ho • , ces " eat ln accordance 

with the principles of the inventi™ . - 
wh ;^h * « invention, and a generator 35 

vhich transforms heat produced in the reactor to 
electricity. The en.bodin.ent illustrated employs 
electrolytic concession of isotopic hydrogen ato.s fro. 
on aqueous medium to charge a metal cathode. 

Reactor 34 includes a reactor chamber 37 enclosed 
shield 38 which provides neutrons shielding. Where , a I 
here, the source of isotopic hydrogen atoms is an aqueous 
-dium, the chamber is preferably designed for high 
pressure operation to allow fluid temperatures in the 
reactor substantially above 100'c. 

rods Ch3raber hOUSGS ° r m °" cath <*° -t- 

rods such as rod 40, which serve as the metal lattice t- 

be charged with isotopic hydrogen atoms, in 

with the principles of the invention, and which ^^fore 

have the properties discussed above which allow 

the me al lattice. Although a single meta! rod would be 
suitable for a relatively small-scale reactor, where the 
rods are several cm or larger in diameter,, a plurality „. 
rods is preferred, due to the long period, which would t. 
required for diffusion into a large-diameter rod 
Alternatively, the cathode may be a sheet in a pleated c - 
= P1 ral torn. An anode 41 is forced on the outer chance-' 
surface, as shown. 

The reactor chanber is filled with the source of 
ectopic hydrogen atons, such as LiOD i n deuterated 



I 
\ 



** -c — 



""or. as shown in th0 f Electr „, „. 

<.eco„ position c£ Che ^ ^.ct 

sotop.c hydrogen aComs into (he « < < *«» «c, ., 

drrv.n by a charge-generator «•»;»» 
a*>ve. The cathode, .node. and " t " StaUed 

« al" referred to herein ew,^^"^ ~«" 
prodocin, « ffosio „ of isot ° ' * ror 

»t. the attic. « the .etel catUls, and 
pUrfr-fti^,- M ut! I s J / and as 

electrolytic means. 

exch» T,,e 9<,ne " t<>r in the »PP««u. includes a heat 
exchange system 46 which operates to .i , 

f^id through a conduit „ the ""^ 

Heated within the reactor to a boi ! 
the g e„erator. f or ste,» ,e„e ,» "b " Sh ° Un ' """" 
ste,„ turbine in the gene , Z 2s 

::: L h d „ cathoda(s) in ~: r r::: - 

i 1 oV : ;r:/:„r 9e bot "- n th ° ~ - - 

arive the generator for electrical 
generation, AUhough not shown. the generator B av b 
connected to source 4 4 , for supplying a " y 

electricity generated in operation 0[ th ! " 

y " 0tl of th£ > apparatus to 

— ^ — -i-i. 



The generator may also inn.,^ 

include a reactor-f lniH 
circulation system for suppl yina SOM " Uld 
reactor ^nH PP^ng source material to the 

reactor, and for removing reactor bym-cdu^ • , 
tritium. byproducts, including 

It will be appreciated that t-,,« .. 
•lt.rnativ.ly he designed for e Z^Tl 
of several hundred degrees c or Hilt 

evident conversion o\ ^ ^ " "°" 

-earn turhine. Such a reactor would pr L a y u ^ 
netal/fused deuteride salt mixture Bt " * 

heating to produce isotonic hvdrn ' 9 

topic hydrogen atoa diffusion inco 

susstituth: sheet 




aatal particles, as dascribad harein* Tha resulting 
rapidly haatad particle has* oould b« cooled, for 
©xaspla, by circulating lithiua ar tha liXa, according to 
known raactor designe* 

Fron tha foregoing, it oan ba appraaiatad hov tha 
ganorator apparatus seats various objacts of tha 
invention. The apparatus utilize* dautariua, a vircually 
inexhaustible oourca of energy, to produce heat, and the 
products of the reaction ••«• tritiua and preausably 
isotopas of Ha — ara sithar ehort-livad {tritiua) or 
ralatively banign (heliua) ♦ Furthor, tha apparatus can 
ba construatad on a small soala, auitabla, for ex&npla, 
for a portabla generator. 

». Kiactor ?rQduo»i ^covirv 

» 

Tha heat-genarating raaction* which occur in a natal 
lattica chargad vith deuterium can ba characterized by 
tritiua production. Tritiua can b* forbad in tha roaotor 
aithar aa tritiatad heavy vatar (DTO) or, by slactrolyai* 
or DTO, as tritiatad deutariun gas (DT) . Whara tha 
reactor sourca also contains ordinary vatar, additional 
tritiatad apaoiaa HTO and H? gas zaay also ba forbad, 
Sinoa tha amount of tritiua in tha raaotor will build up 
ovar tiae, tha raaotor is prafarably providad vith an 
oxrxaction system for raaoving tritium and maintaining 
tha tritiua lavala In tha raaotor within prooaiaotsd 
levels* 

Figure 1-10 is a schmaatio viav of an extraction 
oyaran 160 daaignad for r amoving tritiua from both 
reactor vatar and ge» generated within tha raactor. T^a 
eystea daaignad to carry out two aaparata processes) 
ona which transfers tritiua in tha roactor aourca to 
dautariun. cr hydrogen gas, and tha aecond to separated 



vitiated isotopic hydrogen qas h , £ 
distillation. ^as . h« t cryogenic 

The catal ytic exchange of tritiuin . 
a vapor-phase or liau id -nh tritlUm " carried out in 
indicate. generally^ <~obic catal ytic bed , 

-PPliea thrown a cUit wh 7 ch the reaCt ° r ceil i- 

fr ° m the c." to the catalytic b ed " ^ '* 

The water from the reactor cell i« h 
contact with a deuterium gas st ' " in d i'^ct 

circulation thr ough the J d ^ by ^er-current 
«/ be supplied fro. , gas-distm "T^"" '» »tr.a B 
*• used, as described below ln \ . " C ° IUWn 164 ^ich 
intercurrent flow OVe r the «. * , Separatio »- The 

reaction: " catai ytic bed promotes the 



DTO 4D- Ca t^lyBt „ 

2 — * D 2 0 + DT. 



The water uhi^ c 

15 now ^riched i n n o ■ 
to the reactor cell *hro„oH . 2 ' 15 re -~rned 

operation of , i 1* * ^ The design and 

-Hfiase catalytic «w„u 
suitable for use i n the Dr exchange sy stGros 

Ascribed in prior public JoT lnVe " ti0n ^ b * en 

1Catl ° nS and -11 known ia 

Alternatively 

Jcnown methods. Here tho P erat ">1. according to 

hydrophobic „ t4lylle J"' """" »*« C „e 

tne reactor. 



The gas stream coming out of hh„ ' ! 
dried and purified , , -flange bed is 

fjurirted, and passed throuah -. «. ^ 
cryogenic distil ■ Ugh 3 tub e 170 to 

0, »l»ch is concentrated at the top or t he c , 
which is partly sCr » « »nd 

the catalytic bed th r Z tr,t "°. " suppiied to 

lytic bed thrown a conduit 174, as indicated. 

i e 'or 6 iSOt ° PiC hydr ° ,en < h ° toluon, 
i-e., ur and are circni^fn^ * 

2 / circulated to a second distil i^m™ 

->« 17 , packed uith dixo „ ataon 

liiuta heUu„ =ircuit T „ e „ un „ nc a nt by 

the upper portion of the colu.n „ ay be oycied h „ g h a 

converter to obtain T „ aceordin, to the reacUon: 

2 0T - T, + d 

O ..Tor" TIT " S ' P " ated "* "*™ '» P—c e 
L> 2 una ui at the UDDer <»nff <-.f , 

pper end of the column and T, at the 

;;it rhe t > is n y a ; d stor d 

— «iner, such as container irj ^ , 
■etal tritide. The s ys te„ is capable of scparat I ' 
trltta. to about „ole percent purity 

It will be appreciated that where th*> r~ . 
contains ordinary uater. „, a „ d DH ^ ™ ^ 

D 2 . This ,as »ay be separated from o' DT and - 
the cryo,e„ic distillation coluuns, a „ d ea 's Uy di=ros ;;" 
of, e.g., by combustion with o,". 

t-itiuT f 0bOV t ?" Crib ° d 5yS "" " '» — 

t-it.u„ froo the reactor uatur. As notcd Jboyo 
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e ectrolytxc co mpression - — . 

g-erates Secular isotop ic J dr the r — 

DT forced by electrolytic dec hydr0gGn ' 0, and 

containing tritUted h 1 ^ r^ 1 " °' ^ 
reconverted to water, by cataiv 9 be 

reactor, as noted above y Cat3lytlC «=**«.tion w ithin the 

Alternatively, or in addition th. I 
■nay be purified in the trf . . the "otopic gases 

described above by int , SXtracti - *Y*t** 

7 lntrod "cing gas f ron 
Erectly i„ to the dilJnatLn ? 

extraction system. tntiuat- 
The gas is separated in t-h„ h. 

9.net«,n 9 D 3 and Tj . as abov .. at0r ' and «>• OT 

From the foreooinrr ; 

the rprtrfn*. cne metal l rf ff 

W««e tritium, „ hic „ it „, . la ""« o: 

: U1 ; M - ' ««. -t Uotopic nya 9e b ' 

«« ot„ er . purposes . such ^ J «•! •*« „ fora 
diagnostic uses. y me dical and 

Referenrpc f nr Sort i ^ T , . 

E-SS£tlflOJ[ (Incorporated W Refn 
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SECTION IT 

NeuJr.on^ne_r_ajy^n_and Applic^inn c 

According to one aspect of the invention, i- has 
been discovered that isotopic hydrogen atoms, such as 
deuterium atoms, when diff lJSed inte thE latticft Q . 
which are capable of dissolving hydrogen, can achieve a 
compression and mobility in the lattice which is 
sufficient to produce neutron-generating events. The 
neutron-generating events are also characterized by 
extra-enthalpic heat generation; that is, the amount of 
heat generated in the lattice is substantially greater 
than the joule-heat equivalent used to charge the lattice 
to a chemical potential at which the neutron-generat* -g " 
events occur. Section I, as previously noted, describes 
materials and conditions suitable for achieving t ne 
required conditions fcr the neutron-generation events 
within a metal lattice. 
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"eutrons produced -by the netaT" lat-,- i 
collinatcd tn ^r,A lattice are 

ea t0 Produce a neutron be-,™, 

in a Variety of ^.^^ J"' — L 
-terxals. This Section d ^ *>r analy 2in g 

designed for neutron-beam analys" ^ ? 

nai ysis of target roaterials 



Kmron-GPHPrn^jrigLEvents 



As noted above, and according to an • 
of the invention it h, ^ "Portant aspect 

Uon ' xt nas been discovered t-h-»r 
lattice charged with hydrogen isoto metal 
Potentia! of at least Ij" ^ ° « eh„ ic .l 

grating events which are e" d ced b^t 
of high-energy neutrons. * *** Pr ° duC -°" 

One explanation for the generation * 
P^uc^ in the rae t al latt.ce seen n he T*™ 
i- the PO SSibility of reactions between 

within the latti~ D . . . compressed nuclei 



L " e ia ttice. As noted above hvd-o 
nuclei dissolved i n a met al lattice a t ch iSOt ° ?1C 
Potentials above about 0.5 ev 

:° Mie - - of this h igh co n ::i::Li c T es r ed 

*«.ed. due to the low S-electron character of tn 
electronic wavef unctions. The low-s ch, 

combined with the hi u character, however, 

species au 9 expression of the dissolved 

species, suggests the possibility for a sicnif 
number of close ^ir • significant 

ciose collisions between the Hie , 
It is therefore olau.ih. ► dissolved nuclei. 

" plausible to consider th-,t- ^ 
collisions Dr0(ltlro hat sorne of these 

ns produce reactions between nuclei T- n 

reactions which migbt he expected in the 
containing predominantly deuterium nuclei ^ ™ 

D + - 3 T (I.0i;-eVj - H(3.02McV) 
D + 7 0 - J He0.32- GV) . n(2.4 5MeV) 



(v) 
(vi) 



.C//Por/T», 



trit WHIT-* 0 "' V ° Uld aCC ° Unt f ° r "^ g — ion °< 
tritium ( H ) and neutrons (n) in the metal. 

To measure neutron generation in a charged metal 

ll ad"' th °/ GUtr0n f "» * ««.t.r x 10cm lono 

palladium rod cathode was measured using an Harwell 

Neutron Dose Equivalent Monitor, Type 95/0949-5. The 
counting efficiency of this Bonner-sphere type instrument 
tor 2.5 Mev neutrons was estimated to be about 2.4 x 10~ 

• Further, the collection efficiency of the 
spectrometer for the cell geometry used is very coor 
Nonetheless, these experiments monitored neutron 

generation levels several fnin -»i ~ u , 

^everairold above background at the 

monitoring electrode. 

Several basic heat generation experiments were 
performed to demonstrate that the neutron-generating 
events occurring in a charge metal lattice also involve 
the production of excess enthalpic heat, U( neat in 
excess of the joule-heat equivalent energy used in 
charging the metal lattice. The experiments were based 
on the cathodic reduction of 0,0 from liquid phase at 

near room temoprnt-u*-** _ 

. tdrrenc densities between 

about 0.8 and up to 70 mA/cm>. The deuterium atoms were 
compressed into sheet and rod samples of palladium metal 
from O.lH LiOD in 99.5% 0,0 f 0.5*11,0 solutions. 
Electrode potentials were measured with respect to a Pd- 
D reference electrode charged to phase equilibrium, as 
described above. 
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Figure II-5 is o schematic view of a 



ncutrcn-bea.i 

generator 60 constructed according to the invention. The 
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9«r.t„ „e» trons in accord8n P c ;:. ~ • v hi c h 

a„a , collator " lnCiPl " °' 

"outran* proaacsa in the rea *"* collates 

indicated at 61. a neutron bean 

Where the source of • 
deuteriu, and tritiu. >JJ 5 IZ^™ b ^ 
be expected in the lattice L: """^ WMch W ° Uld 



? D ♦ J T - J He(o.82MeV> + n{17 58 Mev) 



(vii) 



which would yield neutrons with ™ 

the 17.5 Mev range. '""^ dist ributicn ir 

The com mator illustrated 

divergent collimator desion.H f * 

• u aesigned for produci-io % k 

hxgh-energy or therjnal neu a beam c:" 

r-ctor are thennali zed before reachi ^ 
com mator) . An ^ore reachxng or within the 



An upstream collimator- 
of cast or ^chined alu.inu, 2 h "° " 

S 2 adjacent the reactor T^-"." """^ 

<B 4 C, is used to control „ " " °" b ° ral 

control exposure. The in^ri, 

tn*r»a, „e utrons , , mat „. al r u " » 9«nsrati„, 

»-tro„s, sue as a po lyethyl(!n<! "° ° " 

housed v ithin tll . comnator «Hl«tor or 



A downstream colli-nfnr 

aluainu. or the l ike and \ °° 15 fC ™<° of 

v i a boron or lead 

help suppress gamna rays r„,„ " er 90 to 

renovabje fU ;»r „ . 9 "ntaimn, a 

filter, for t'ltnr-i b *-»nuth nonocrystal 

- 'or altering carina ravs f™-, ..w 

rays frcn. the neutron bean. 



The collimator and reactor may be submerged i„ a 

pool whose cement wall is indicated at 96 Th„ , _ 

' if, e pool acts 

as a neutron shield. 

Published references, such as "Collimators for 
Thermal Neutron Radiography" Markgraf, ed . D . Reidel p „ b 
Co., Boston MA, (1987), describe further details on the 
construction of neutron-beam collimators. The collinato- 
xn the apparatus is also referred to herein as collinatc- 
means. 

It can be appreciated from the foregoing how the 
neutron-beam generator meets various objects of the 
invention. The source of neutrons in the generator 
simple and inexpensive, requiring, in one embodiment 
only an electrolytic system for slow charging of a r.etal 
lattice with isotopic hydrogen atoms. Unlike 
conventional radio-isotope sources of neutrons the 
source can be readily recharged without isotope handing 
Further, health and safety problems associated with 
fissionable isotopes such as polonium or radio* sre 
avoided . 

Although the system has a limited neutron flux 
output when compared with a nuclear reactor or particle 
accelerator, the neutron output can be selectively 
increased, for example, by increasing the number and/cr 
thickness and/or chemical potential of the metal plates 
in a reactor. Further, the energy distribution o< the^ 
bean neutrons can be selectively varied from low-ene-- 
thermal neutrons (or even cold neutrons) produced by " 
thermalizing the beam, according to conventional method- 
up to about 3.5 Mev for a deuterium charged reactor and' 
17.5 Mev for a netal lattice charged with a fixture C 
deuteriun and tritium atoms. 



-52- ■ 



B 



^Ltr^n^TdioaraphY 



Radiography ls a technique by which a ^ 
of the "inside" of , f . 3 shadow picture 

inside of a target material is produced bv 
exposing the matpr>r>i UCM bv 

. * material to a bean, of radiation. The 

important material-related parameter in 

the cross-action of ramet ^ m radiography Is 

section of the material which 
Drobahi 1 h„ ^ fc ' wnic " describes the 

probability that an atom will interact with the ► • 

beam passing through the material m the 

radiography, the cross-section of , ' ° f 

section of elements generally 
increase with incroasi^ ,.. ' 

n increasing atomic weight, so that hiqh 

molecular weight atoms, such as lead „ r •„ 

shiplrt{nrT , . S iead ' Provide effective 

shielding against penetration by the radiation. 

cross-Lc C tion aSt ' absorption 

partLr q " te indepGndent of -d in 

particular, is relatively high for atoms such as 

parogen, lithium, boron, and gold, and relatively - 
for elements such as aluminum, sulfur, carbon, oxyge^ 
nd oxygen ( - n . otron Radiative ^ T -n. 

ierga.cn Press, Ne w y ork , (l98 ,„. Neu , rnn " 

u, Ui provides a unique method for detect 

boron, m a lower cross _ section materi Qr CQn 

the presence of a low cross-section material such T 

-rbon, in a higher cross-section material 

d iS * = ChC - tic view of apparatus 100 

de-gned for neutron radiography, according to one 
embodiment of thc invention. The apparatus oenerailv 
^eludes a charged-neta 1 reactor icr> for Dr J 
energy neutron- , - ,,• Producing high 

neutrL coU.mator »„4 for coH iaatlng 

to Ih b 3 nGl,Cr0n indi " tCd « ■ 

material no takes place. 



' • ^ .•»>/ mi , 
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features T COll ^or "Ploy the general design 

features discussed in Section IIA above. Where, as in 
the usual case, the neutron beam energy is in the 
thermal-neutron energy range, the neutrons can be 
£«"«d -thin the collator, or prior to enter . 

the collimator by convent-inn^i „ 

Y conv ent 10 nal means, such as passage 

rough a polyethylene block. 

The sample chamber in the apparatus includes 
suxtable support means (not shewn, for supporting the 
sample or target material in a position in which the bea. 
is directed onto the sample. Also included in the 
chamber is a film plate 112 on vhich ^ radiograDhic 

image of the sample is recorded -,r.r4 » 

/ recorded, and a converter 114 fro* 

which film-sensitave particles, e^g. , beta particl „ are 
emitted when the converter surface is struck by neutrons. 
The converter is preferably placed in direct contact with 
the fn m and is formed of a th . n gadol . n . un fita ^ 

Uke capable of emitting film-sensitive particles in 

response to neutron bombardment. The fi,* and converter 

are also referred to herein C nfi~-*- .-.._<... - 

. " ■ ^ / record 1 nq 

means. The reader is ref err ed. for example, to „.„. and 
Wy-n, "Mathematics and Pnysics of Neutron Radi 
D. Reidel Publishing Co., Boston. Massachusetts (1986) ' 
for a discussion of various types of recorder means 
employed in neutron radiography. 

* 

The apparatus may be employed i„ a variety of 
thermal and high-energy radiographic applications such 
as described in "The neutron and Its Applications" 
Schofield, ed. , The institute of Physics, London,' 
England (1383), particularly for structural analysis c< 
explosive dev.ces, cerate materials, electronic devices 
mechanical assemblies, and aircraft turbine blades 
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Heutron diff raction provides . 
Positions and nations of nuclei * ^ the 

-ystaUine mate rial , as ^^^^^ ~ «i- 
neutrons in a beam by the nucL SCattG ^ of 

The method diff ers from l ^ ™ * S »^* material. 

uers f rora X-ray diffrarr,~„ 
crystallography terh„< . i "ract lon or 

nuclei, s » verol . catt «lng events involving 

vnicH .„ not ge Zll ° , lnf ° C ° a "°" — - obteinea 

venerallv .,„„„,. by x _ ray dJ(f 

First, since the sr->f*. air i 

e scattering cros<;-corf i 

13 not ^Pendent on atomic num J r SGCtl ° n of —lei 

<»«• -bov.,, the nuclear ln -"Jr systematic way 

«*- the diffraction pacteT I * ™- 

-cm sites, as hyarogen-atom site Zl h " 

an electron density nap. " masked in 

Secondly, the method is ablc 
localize isotopic atom sites dlStlnguish »nd 

different isot„_ , h the —lei of 

quit. dl«.r.„ tly . Tne method th J 

specific i sotope SUDStitutjon , J " sa "P^ in v hich 

—PI.. t„e o„ alysis of tne" r e\ d "* 

•< «-Pl« ».c r „» olecules uc 7" structure 

' v,ucrj as Dr n f- nj nf . 

simplified by substitution of deuteri ura * 

-lected amino flcld sites . fcQ p £[^£ « 

these sites in the diffr, - • location of 

ne Effraction pattern. 

Finally, neutron-beam diffraction has «-h 
^tcct paramagnetic scattering centers 1 \ ^ *° 

- to the inters : on U oVt°h JdditiCnal 
of the atom with that of the nl T 

the neutron. This allows 



o»»noTrr;iTr outer 



investigation of the Mgi)ttle a£ 

rosponsiMc ,or interesting e ^ 

sample, cuch f« ^ AU Perties of a 

' Ucn as fG rromagnetism, anti-f «.!->■« 
helimagnetism. f err °*agnetis Q , and 

Figure I1-7 is a schematic y . 
fr use in neutron-beam analysis *\ »» 
in this apparatus, neutrons produced J * atGrial - 

and counted by coUiL 0 
single-crystal monochromator 126 The » T ^ * 

crystal functions to refect t ho —^"-^r 

luuecc those neutronq t^h^w 

Particular wavelength, and therefore energy T ' 

reflected output beam having a seW- h *' ' 

energies -rho . selected range of neutron 

energies. The construction of the reacts , ^ 

nave been described above. Tne TouZT ""'"^ 
designed to produce a narrow L a " prBfe ""y 

about ♦,- o. 5 degrees. 

The monobromated beam is directed onto a sannl 
--al „o. producing . scattered b _ ^ J * * 
Bt various scattering angles, is relafccd to ^ 

crystalline structure and atomic composition of the 
sample, as outline ,h^w. e 

iiie aisrribution of th« 

«.« „ eutro „ s is neasured by , ret ° « 

doctor „eans IM designed te _ sur(! « ^ or 

intosrty . ,„„ scattering angl as 

neutron detector is preferably a cyli „ ar . . ' Tho 

filled with np cylindrical counter 

lot lth Br l n«. according to convention,! 
detector construction (Bacon , G . F . ™' "««"- 

»y».h„ Publications, tendon. (1960) '. M ' u «?" 

Tho apparatus nay bo enploved ln a varj 

neutron scatterinn <-!>,->% . 

J • >UCh JS deE c rib cd in "Neutron 
Radiative Capture" Chrien, ed . urh , , 

■itonic and nolccu.ar structure o f organic a , ? e 

-ccules. and ,or investigating static and 4yn „ i ' " 



CHDCTfTliT- n—^ 



aspects of molecular disorder and"^ ' 

molecular system. nd phase transitions in 



D. 



^ i ^^SUtron^ £ ture 



Neutron-radiative capture inu , 
-utrons with a target J, - 1 - - Uision of 

or very short lived ^ £ e ther radioactive 

collision produces radioactivity i* neUtr ° n 
Processes with a measurable haj'l^" \ 

nuclei involved in neutron ab natUr6 ° f the 

by measuring gamma-ray and/or ^ deterini "ed 

omission, and correlating , i» ? " ^ Particie 

rrexatln 9 these with 

Partacle emission characteristics of v ***** and/0r 

h meth0d iS *»~" as neutron actL.tT" S3nPleS ' ^ 

has been used widely for . Ctlv »tx°n anal ysis , and 

compounds present in a saJi ""^ °" eleraent * or 

a sample material. 

If the lifetime of 
on the order of , 0 -« t ^^""'"^tive events i s 

the sample material i «- * . ■ e nat »rs C f 

131 15 determined frora f h„ 
-Pectra of the material, tm. ,1 9«««-ray 

^fcrred to as prorapt „ WO * cn is -metimes 

P-n P t em ission technig TlT^' ^ 

activation analysis in !„ " C ° mpIementai T to neutron 
for* stable radioactive ^TV"*" *> 
Prompt emission method 

" iS , non-destruc ve L ^r 9 ^ 

negligible residual • Produces 

UJl a «ivity (reference 1 i). 

Figure li- 8 is a 8cheBac 
for use in prompt neutron-radi ,tiv °W»»«t« s Uo 

-nple material. ln thi , raJ " tlv « "Pture analy Sis c: - , 

a neutron reactor ,., 2 , nd ' neutron --> Produced bv 

,r-„ c ollimated by collie- 

are directed onto a si-ni* k c °Hir>ator 144 

-"'•••Pie material 

chamber no. The ccn«-. c . in , ° San P lc 

-c. lon of the reactor and 
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collimator have been described above -fhT L , 
Produced by the reactor either UDS 

collimator. may be therm. °' * Vithin the 

ruch a ' 7 thermalized and/or oonochromatized 
->uch as by methods indicated above. 

The car.™ spectra produced in the MBn , B 

a conventional gamma detector or L V * 
, rnr , _ ctor or detector means 150, such 

as a solid state germanium detector r„ ^ 

neutron capture processes the ^v-radiative 
for „ ocesses, the apparatus may be raodified 

the lit ° f radi03CtiVe ^ P-ticles. such as D y 
the addxtion of scintili ation detectors fop de y 

alpha or beta particles. 9 

The apparatus has a wide range of analytical 
applications, including analysis of isotopic material 

^ —logical samples, sensitive detect on of 
r tal C °" t - i — detection of explosive 

ZTT: f ° r airP ° rt SeCUrity ' f °" nsiC and 
medical diagnosis. 

Although this part of the invention has been 
described with reference to particular 

one skilled in the art that various changes and 
Edifications may be made without departing f rom the 
invention. In particular, it will be apparent that -he 
neutron beam g enerator wiu appUcatloM ^ 

elemental and crystallography analysis, fo , exanp I 
-dicme, for the treat,ent of solid tumors.with high- 
energy neutron beams. 9 
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The present section relates to .A*--- 

deuterons Mghly ^^^^ - „ ^^^^ 

10 3 P*^^- host lattice generat y e Ca \ h K ° diC Po^ ization 
<* that which can be J -»t. enthalpy in GXcess 

input to the electrolytic re ac t ion e " thalPl ' 
The magnitude of 

7.2KJ cm -3 over tho ' 9 lv mg 0.36 - 

tne measurement cycles! ^s,, - 
Possible to ascribe this e „, h , lfc is not 

thl ^ Gntha1 ^ -^ase to any chemical 

The most surprising f eature of 

[r.^ faCt -lear processes c n^be^T ^ 

011 ^ - that the enthalpy "* « 

15 n0t dUe to either of the well estlJ ! '"""""V 
- vuv.uious --w..^^, fusion 

D + 0 - 3 T (1-01 , 
2 n + Jr, - 3 ' * " (3.02 MeV) • . 

3 He (0.81 MeV, + n f2 M 

' n (2.45 MeV) (ia; 

vhich have the highest (and ro 

of the known reaction paths for CT ° SS ~ s ^ons 
Although low levels of trif erfGr9y deut orons. 

-re detected, <>> the . nth ^ ^^'^ ° ( 
which is aneutronic and atritcnic oj" °~ 
suggest that o priory - r iti„ m " reported wor>: = 

involved. («"«> Process nay also be 




Successive series of measurements carried out showed 
that it was necessary to carry out many experiments on a 
substantial number of electrodes and over long periods of 
time (the median duration chosen for a measurement cycle 
was 3 months) . It was necessary therefore to adopt a low 
cost calorimeter design; some of the reasoning underlying 
the choice of the single compartment Oewar-type cell 
design, Figure III-l, is outlined herein. 

All measurements reported in this Section were 
carried out with 0.1, o.2 f 0.4 and 0.8 cm diameter 
palladium as well as 0.1 cm diameter platinum rod 
electrodes. The palladium electrodes (Johnson Matthey, 
PLC) came from three separate batches of material and a 
typical analysis is- given in Table III-l. 

TABLE III-l 

Typical constitutional analysis of the Johnson- 
Matthey palladium rods used in this work. 



Element % by weight 



Ag 


0*0001 


Al 


0,0005 


Au 


0.003 


D 


0.002 


Ca 


0.003 


Cr 


0.0002 


Cu 


0. 001 


Fe 


0.001 


Mg 


<0.0001 


Ni 


0.0001 


Pt 


0.001 


5i 


<0.0001 



\ 



The batch numbers „f „ 
ce H 200 of h k esul ts gaven b 

— is shown PreS ' nt inV8 ""°» is „ f I""" """^ 
5h °»" in Figure lri- a . f U ° »«r type 

* n this ceil 

• lead 21- , P>lJa«„, j * 212 v « "sided 

«. J '» th « "« to T " 214 ■•»« 

" o s T' "•««, anode '-"son 

«- ci;:: r;;i °;: — .« J l i r u vound uuh 

• Th e elects sur roundina 
Place by the deep Kp , / OCtrod " 2l 2 , 2l8 h- ° 9 

Cotton, of the m PlUg and *•! P spac ^ 

cn e cell 200 tk spacer 226 at 

cathode assured tis C °" f ^^ation of the 

Potential over J est ^i S hment of a Un ■ , ° n ° d * 

assures uniform and nigh , , the Cath ^ 212. This 
-thode 212. ^ leVel * of char ging of fc £ 1S 

Terap erat:ure 

calibrated thern,i , SUrCments "ere »*de with . 

^rimstors ?i-> Ith specially 

-ermoprobes. - 10 K ^ J" ' — — tries U ltr.. tabl 7 

^Us 200 were cik sc abil ity per a ° Ie 

using a r, '. Callbr «- during each Y ' the 

9 a res ^tivo heating el „ mea surement CVcl „ 

accuracy 5x2nn t g element 234 (Did ^ Y le 

* 3X20D metal fn m < u igi-key 
stability b ettP^ r « istor chai y - 1 * 

/ Better than lOOppn/v, „ dermal 

7 COmPOnentS »« ^ s ^ a C " C — ions 236 to 
35 fUrther thermistors ^32 ! / 0ther Co »Ponents s k 

witf > a reference co reference electro! * 

nce c °nnect:ion ?k w . Aect rodes 237 

fecial cell-i ^ whAch inr . t 

ell.) wora made through th lnc *"ded i n 

^nach also con--.- , 9 the top Ke 1 p , 

0 contained a 1 P Pluos 

24 °- plu g5 230 . ero t 7 tUbe and a 9 a s ^ 

,JSi "9 P,raf iJni . fUrt *- sealed to the celi e « 



SUftimilTf: cyrrT 



I 

; i 
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Tho can 200 uas maintained i„ speciallv 
»ater bath, stirrad vi -PecaHy constructed 

contain up to Dcvar ceus 2o -- , each 

maantained so that 8 to 15 roll* t. 

lls M y b « run 
simultaneously. The reo,,Hc 

are >ased c„ Ippro*iJ ; / in - thlS " Cti0 " 

approbate!, 3S0 ceU ca i a TTT "* 

the hath temperature at depths , t L h " 7 ^ 
the surface of the war., k\_ CO bolou 

better than ± . ' H the s'et Z" ^ "'"^ " 
the virin,> « ! temperature (which was in 

the vicinity of 303.15»K, provided the water surf,, 
allowed to evaporate freely Thi 

— - :::: ~ r™ 

. . " Lcer pump connected tn t 

second thermostatted water bath. 

The minimum current used in all the MDpH „ , 
reported here was 20 0 ^ and it wag ' n 

could he used at currents up to eoo m* t ^on 
electrolvte. w,^k r. th °- 1M Ll0D « 

olw * °-5M Li.so. or im Li so 

electrolytes currents as hiah lc „n 2 4 

view of tho i ° Could be "sed in 

of the lower 3 oule heating in these solutions. 

The mixing history within the calorimeters for t, 
current limits was determined using dyG injec " n 
combined with video recording; radial mi ^ws, , 
be extremely rapid (time scale < „, wn *. ? f ° Und t0 

-oK place on an approximate 20 s ti e e T 
currents used. As the thecal relaxation ti 
calonmeters was approximately 160 0s. the caloric 
can be considered to be wel! stirred tanRs , 
the ,ugh degree „, mixing and ^ ™ <* 

miction of heat, the maximum variation in r 

Within the calorimeters was found to e 0 J 

oe °- 01 except fcr 
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the region ^ contact with fh k 

tne v ariation reachG(j ^ botto a Kel F spacers ^ 
distributions y ere ' 56 ^Perature 

» v hic ;; :r di usi ; g cens 

axial directions. ^ dis ^~<* in the radial and 

AH measurements renort^ k 
Somatically Using ^ ^ ^ «- 
potentiostats connected as M ° del 
arrangement Used> llz The fe ^bac)c 

against cscii lationSi The " 2 *' Snsu ^ total protection 
further Stored regularly to 7^ ^ 
("one found throughout thil ^t"^ °- Ci "*"«» 
a "<* 120 Hz < 0 . 04% Qf or *> «d r ipple content (6Q 

! b ° Ve 800 "* carrie, out'JrTr'' 

*9«r. x„- 2B; tMs the circuit ^ 

-tobili 2ation acnievabIe ' that ^9h degree of 

-uld be extended to nu ch hi h °' ^ gal —stat 
"easur^nts at currenf 1 I 

;r e : forras of -^r iraeters ; ^ b 2 — - -o Sing 

Erodes were charged at 64 rt „ ^'^^ 

°* 5 d lffU5ional relaxat . ^ ^ t iraes in eycess 

densities w. la ^ti on tin.es. other cu»->- s - t 

^>en appli ec i S5 ; ■ • 
results, oat-, r indicated in th* 

Uata re P°rted here w erP «.*,, reported 
excess of a f..^^^ re "ken after ■» „ 

H ^at transfer coeffi " 
galvano^ats to driv. th . ' h<w *> "in, 

electrolyte vni., as follows- «-k 

*yce volumes were repleni.K , he ce *l 

hours for e y D(11 .; re P*en 1S hed every i> 

r experiments Usin g curren . . Y 12 ' 24 °r 48 

1600, ,oo-aoa, and a0 o-«ooVr " ^ range Qo °~ 

^ <*• te toperatures u - -^tive ly to a set aar); 

3 hours ( >, thermal relaxat . J ^ e quiai brate for 

then a PP l ied for 3 ^ bating v as 

9 6 resis tive heaters, the 
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ine ceil temperature con 
temperatures and, when ano.l ■ T volt *^, bath 

wer* » . a PPro P riate, the heater voltages 

were monitored everv s t«;«..*. ye5f 
DHM ,.„,►< , ■tn»M« using K e ithl e y Model 139 

WH »ul tlDl exe r s to input data to Compaq 

HH -PUters. *« a . plas of such Beasu „ ments 

different experiments at three di f «. • 

aiiterent times are shown 
in Figures III-3A-C and III-4A-0 T1 , 

were main, • „ measur i»9 circuits 

were maintained ooen evr-snf 

open except during the actual sampiino 
eri ds ( measureraents VGre allQwed > 

were an"? " therBiSt ° r "sistances 

were allowed to stabili 2e for . seCQnds 

Data were displayed in real time as « K • 

to disc* v..- „■ as bein< ? written 

discs. Variations f rora these procedures for special 
experiments are given below. special 

Experiments at low and i„f„,« . ■ . 

ana intermediate current 

^.TT C3rried ° Ut USing 10 « Electrodes; 
for the highest current densities the electrode length 
were reduced to 1.25 cm 1n H .-h 9thj 
u . .. Cm and thG spacing of the anode 

winding was reduced to ensure 

»-w t-nsure uniform currpnf 

disr ribu u . such shorter electrodes were placed at the 

botto, of the oewars so as to ensure adeguate stirring. 

Experiments were carried out using 0,0 (Cambridge 
Isotopes, of 99 . 9% isotopic purity Q i m l . od ^ s 

prepared by adding Li metal {A . 0 . Mackay , <tl , = 

to D O; 0.1 M LiOD + 0 5 M T . cn > 

2 u . 5 M Li 2 S0 4 and l M Li -SO, were 

prepared by adding dried ii do /a^ ^ 

y ujriea Ll ? S0 4 (Aldrich 99. 99%, 

anhydrous, 6 LI/ 7 Li * l/in fr> n ,m 

' J/n; to O.lM LiOD and D 0 

respective,,. The lighfc wator ^ ^ 

non tored by Wlw and never rose above 0.5*. Samples 
withdrawn for HOC and tritium analyses were made up using 
the appropriate electrolytes, a sinole batch of 
electrolyte was used for any g ive n experimental series 
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Normal losses du* 

M ^ ^r^ZTrr (and eVaP ° rati - « 

" made U P ^ adding ^ 

accord ThG CUrrent ««icienc ies for t . , 
according to reaction (i) Vere ° the ele «rolv ses 

cells. 

- ■*« shovn by the re ^;; c 7 D ;- than w as 

— ent efficiencies have f °f -ition.. Such high 

V ^ <U) - The high VaIues ™ als ° reports in other 

; he - t, o Xidat T on b ;; n t d ;— — of 

Nation and by the extensive the anod * by Pt-oxide 

content of th„ ~, IVe de <?assi ng Q f th» 

or tne electrolyte in °xygen 
D 2 evolution tk he ca thode rec*,^ u 

2 C10n " Th ese high current re ^°n by the 

«-P"fy the analy ses of fc . Gffl --c ie s grG atlv 

— - _ Jt^tSm- ' 

rr r> t «. 

In common with an 
•"SUeerin, devices th . f ""^""■e-ic. , and 
— ior „ t „ a 0e« r . ;" i0 " °" th. 

»— «,„..,.„ a „ alm < s h ; t aJ data using non _ 

Calorimetry f or hK. 

:::'r ccn - ^.^.r" dosignM *« 

eo„ sid(Ir au h5at * _ ■«... shoulu 
'-'"in,: olectric -«« cc, ponenCs , 

•"■»«. >»« input due to rop enish ' " Iib "«on "cat 

w conducUon ta : t h «^«~ tha c .„ sy 

r frc 3 the cell due 
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o latent heat of evaporation of 0,0, neat loss due to 
enthalpy carried off in the gas ^ ^ 

0 2 an D 2 o,, neat g e„e rated due to recombination 

0 3 Uf any), and any excess heat generated in the cell 
Further, there should be consideration of the time 
dependant temperature change in the cell due to the 
change of the contents of the cell z>n 

«k«»i^ , celi - Prime consideration 

should also be given to M«fi,i t v 

given co careful thermostatting of the 

external bath and atmosphere temperature, careful 
choxces should also be made of instrumentation and 
temperature measuring devices, such as thermistors 
heater components, ohm meters, volt meters, bath ' 
circulators, potentiostats, multiplexers and data 
processing equipment. 



Resul t3 ** 



A summary of the results obtained using 0.1 0 2 ud 
0.4 cm diameter rod electrodes j, „«v«„ ;„ 

while the relevant re<sult<; fnr ««-k^ 

dUlCs for other experiments are 
summarized in Table III-A6.1. 



Table ln-3 lists the times elapsed f rora the start 
of any particular experiment, the current density, the 
cell voltage, the enthalpy input, the excess enthalpy Q 
and the excess enthalpy per unit volume. The derived ' 
values in the Table were obtained by both the approximat 
method of data analysis and by an exact fitting procedur 
using a "blacK box- design of the type briefly described 
herein; error estimates are confined to the data derived 
by the latter method. Data are given for the three 
electrolytes used and the batch numbers of the particula, 
electrodes are indicated. The measurements were made a . 
far as possible, when a steady state of excess enthalpy 
generation had been reached. However, this was not 
possible for some electrodes at the highest current 
densities used because the cells were frequently driven 
to the boiling point. The values given for these cases 
apply to the times just prior to the rapid increases in 
cell temperature (see section on Enthalpy Bursts). 
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The values of the rates of excess"" enthalpy 

generation listed in Table III-j are lower H™^ * 
k^h, ^ i-ower limits because 

both the me thod of calculation and the neglect of the 
latent heat of evaporation lead to an underestimate of 
0 f . There is a further factor which leads to an 
additional underestimate of Qf! the dissolution of D in 
the electrodes is exothermic and consequently the slopino 
base line causes a decrease in the solubility with time ' 
and therefore an absorption of heat. This factor is 
difficult to quantify since the deuterium content of the 
lattice win not be in equilibrium at any given cell 
temperature. We have therefore neglected all factors 
which would give small positive corrections to the 
derived values of the excess enthalpies. of the three 
corrections listed above, that due to the systematic 
underestimate of the heat output from the cell is most 
significant. 

Bla n): Experi ments 

Table m-4 lists the results of a variety of blank 
experiments: measurements with Pd electrodes in light 
water, with Pt-electrodes in light and h™, 

j «o s-ci afiu 

measurements with 0.8 cm diameter Pd electrodes in heavy 
water. It can be seen that most of these experiments 
give small negative values for the excess enthalpy 
These negative values are expected for systems giving a 
thermal balance according to the electrolytic reaction 
(i) or the corresponding reaction for light-water since 
both the method of calculation and the neglect of the 
enthalpy output from the cell due to evaporation lead to 
an underestimate of the heat flows from the cell* 
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Figures ln- 5A and D are ^ 
temperature-time and the associated potential - • 
xn e x Periroents whicn show marked incr ease T ^ 
outputs while rigures In . 6A and ™ v 6 - eS - ^e heat 
of the specific ex«c, .... . derived rates 

™h n enthalpy release. Figures ttt 7a 

and B qive th, h ; ^ . yuiBS ±II-7A 

give the time dependence of the total specific 
excess enthalpies for t ho ^ specific 

he corres Ponding sections of 
experimental data, a n,, ffl h«, , • 

f , number of important conclusions ■ 

follow from these time dependencies: in the f " 
the rates of excess enthalpy generation ? ' 

with time; secondly burst i , SlOWly 

oursts in the orodnr-n 

enthalpy are suDerimr™„ Production of excess 

py re superimposed on the slowly increasino or 
steady state enthalpy generation and these burst" 
at unpredictable times and ar, tS ° CCUr 

Allowing SUC h bursts Z e Z Js ^Zl ^ 

C ^ ess enthalpy production 
returns to a baseline value which can b h - ghe than th t 
prior to the initiation of the burst- 1 ^ 
have found that cell. 1M f thirdly, we 

. ... 6115 arG f-equently driven to t-- 

boiling point e n 

e -g- r see Figure IIT-o 
„„. . _ , ' i11 M - The rate n £ 

enthalpy production „ ust b8coi>e ej[treMW 

»«. conditions sinC8 the ao „ inant „ ode - ot -- a - t --' 

is now the latent hpaf *f transfer 

nt hG3t of evaporation. It is not 
possible, however at thic e * 

at this stage to make a auann 
estimate of the heat output since th, « uant "ative 

^ Ul - since the cells and 
instrumentation are unsuitable to make esti^ 
t»~ conditions. „ s „ OUJd a]so b /l '™ « 
the cell potential initially decrease- , in alt "o,„h 

.u-ttp. .ot t ,e t n e rc ; :° c "" on " «- 

increase of the polentul ,. Uh cjmc c V ell CT »"' e " 

t= th. ooilin g polnc prob . lbly due co »- •» -r.ven 

electrolyte in =p„y , eavi „ 9 ^ cen> _ 

The attainment of boilin, nay te d , 

promotion o r to , n 1IKr .... in ba ^— 



> 
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ouc P"t- Because of a DnT • ~— " 

-Peri^ents for , at ^ ° f ^scont inuing fche 

-opted, these ^ Po-t i. reached 

for thi s are as f o1 , * be dls tinguish ed . ~ hf> 

^perature roust the " d £«*»; rap id increases of 
^crease of th . c ^J^^ »Y » *ar*e d 

d ^olv ed D + since chenica P ; tentlai Cecity, of 
-taM ished by the reja - ' ^"^iu. cannot bG 

«*~"—. Sue, conditio^ il 1 " dlf '»»i«".l relaxation 
P^ent stage of research" * " the 

-co„ trollable ^ „nc they co uld lead tQ 

^ <~t that r api /L; e ;::: s of i. -«v„ to 

accom pan i ed by marked ^ of temperature are 

°f triti ua . other lnCreases ^ the rate of 

ucner aspects of »-u of 9eneratv Q n 

fiiacDssroN 

T ne results f or th« 

very large redimn^ Lnis fUgh aC ni>-, 

« -'0C0 „ easure „„„ ts » °< «• set w hich * s = 

t«f.r.t m . tlH proriu '"^ «r uctured ceu sts 
four p.r a . eters of " oc w»eh is used 

•^curacy appl £cs to r Stl, «* .-.bet t ,,„ " 

■ »r.«« t ,« ™*r Mtla . t .^ " «»«i.ti„ Jeods la 
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These statements about the accnr, 
M«* experiments. Tablg »• fc °-e out fcy 

calori» etric tGchnigue . wh c s h that the 

;:: ances for — — ~* t^r^rr 1 

2H 2 0 - 2H 2 0 + o 2 

Cf >« 0.8 cm diameter Pd electro 
are regarded as f h„ electrodes i n D,o 

thG most significant blanks - 2 
vith numerous other investing conaon 

carried out experiments "nT ^ 

K ir,ents °n the Pd/D svstom , k- 

2Gr0 GXCess enthalpy. Excess J*^* ^ ^ 

O.Gem diameter electrode. „ nth3lpy 9 G "«aticn on 

« recently obtained batch JT ^ ^ 

excess ent ha lpy 1 J ^ " t# ' Ul ' 
those listed in Table tit , experiments such as 

- - —or of approximately five f 5 w ■ " ""' ' 

the highest value reoorted „ ■ \i, Ul3n 
to the highest value achieved in , / comparable 
using Seebeck calorimetry' "» J inv «tigation 
•nth.i Py l isted in Tabl / • ?he Values of the excess 

^th the results contained in >ZlT° 

'••9- for comparable e ; per 7me er t T ^ 

experimental Conditions. 

It should be noted th-it 

<° a ,, r „ ccss or ^.^^ W '?""'"' 0n '= 

aHho u , h cnis 5tatc „ cnt ° bu "< ° f the sjoctrodes 

as thac „„ do „ Che ^ ™ J - b8 as cUar 
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presented here shou in 

snow m more detail t-v, .. 
««ss enthal Py prodUction *° tai1 that the rates of 

I*. Figure Ul - 9 , th V; a C t reaSe - rt -»y vith current 
°n the order x », so much so «* -crease is at least 

appearance of a threshold nh PI "° CeSS has the 

higher prec ision at l ow Phen ° meno "- Experiments of 
-ever, to decide ^T,™ 

^at the thre Shold currenfc the case, and if ^ 

At thS current densit es th" POte " tial " 1 * ht te " 

syste matic di f ference S the " « no discernible 

etches of electrodes ; -t. for the diffefenc 

experiments. The scatfcer *» these 

at these high ^ l ^l 5 15 «l-tlv., y 

becomes large at i ow to int enSltles but this scatter 
— veil he t hat thL ^^'j ~ — y . It 
^ electrode material * » <«• to di fferences 

-uld also be that the fJ cltv ' C ° ndit ion s but it 
lattice is nore sensitive 9a o C1 t C h y ° f t,ie herons in the 

conditions for raeasuro PrGCise SUr face 

r measurements at loo * • 
current densities rh. k intermediate 

aeration for o"fl cm I ° f eXCGSS enthal Py 

— i certa in ; y ;: n :r:r; h v; r -odes d , vn ;: ora 

metallurgical history of tne -7 We «"« of the 
» - -ed that most ~ |- — ng 0f . 

have used relatively low cur J" nS CeP0rted to date 
«T -11 account f or some of 1 " ^ that 

— Its. rurthermore the 1 """""^ «* the 
methods of data , calorxmetric techn iques . 

1 data evaluation adopted i„ • nd 

investigations would not allow 1 many ° f th<?Se 
- - values of the mu ' — < 

Statements as to the magnitudes of th 
<lr ° Clear ^ arbitrary since the. ! t0tM "cess 

«* «y Particular experiment m ^ °" 

excesses of -sow C V' have -" Ur — 9ivi no 

av ° now been r-,.. 
total sDo<~if.- en carried cu- tu 

P ° Caflc excess enthalpies j„ fh The 

P ln the enthalpy Cursts 



4 . 



5. 



are perhaps better defined quantities'"^^! 

F^ures IZI . 6Bp , this regard. 

largest burst observed tQ J" « * -e the data for ^ 
the total enthalpies in the bursts areW 
values which can be attributed to any ch ^ *** 

Furthermore, for these b ^^f^" 1 r—tion.. 

production are up to n m- , ° enthal Py 

e^c ie „ t sm .„ s uould the 1 l onst t r h ; c ; se ° f 

elective heat generating systems ™« ~ - », 
enthalpy Generation he excess 
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CLAIMS 



1. 



*yy, comprising: 

( a ) a lattice structure canaM . 

• capable of containing 

isotope hydrogen and cat»w.- 

cataly zang nuclear 

reactions involvina c =.,^ • 

n9 S31d ectopic hydrogen, 

(b) means for utiliyin,, 

tUizxng a product of said nuclej 

reactions. 



2* The 
means for 



apparatus as • 

5 CIa imGd m claim i 

xra i, wherein said 

utilizing includes means fn, 

means for conducting heat 
generated by Sa id m,,i 

/ -aid nuclear reactions. 



3 " Th ° a PP^atus as claimed in claim , 
« . CJaim 1 or claim 2 

wherein said means for utili,> . 

p n , , v deludes means f or 

neutron beam. nCO a 



The apparatus as ,-],.,„,, . 

.. h . • d ^ ™ y ° f <^ins l to , 

" hGrein 53id «"« ^r ut Ui z ing includ 

J includes means for 



venerating olectririf,. * 

^rxcxty frOB1 said nuclGiir react _ 



ons, 
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= • The app „ atus ^ ^ ^ ^ ^ 

" hC " in U Permeable to aaid ' 

isotopic hydrogen, and s^h , 

and said apparatus includes Beans for 
accuniu latino sain ic-«*- 

9 ^ 1SOt ° P1C Wr°9en into said lattice 

structure. 



(a) a lattice structure camhio 

ure capable of accumulating 

isotopic hydrogen; and 



(b) means for accumulating said isotopic ny drogen 
to a sufficient concentration in said lattice 
structure to induce energy generation. 



7- The apparatus as claimed in anv » • 

in any of claims 1 to 6 

wherein said lattice strurfn>- 0 

<-e structure ls crystalline. 



8. 



The apparatus as clained in any of claims I to - 
"herein said lattice structure is me tall ic . 
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°- T *e apparatus 

asr claimed in 

^ ~« u tlfc . structure « . ^ .. 

aPPa »^ « el.,.* in 

— ~i- .«««. stcucturo « — X to ,, 

— — X. _ eniu „, ^ " - -o„. 

an alloy thereof. 

— said lattice structur ; ; f — - 10 , 

rUtheniU "' ei r con ium or UadiUB ' rh ° di -' 

' ° r an a ^oy thereof. 

■ 

12 - The apparatus as c ,.,_ a . . 

15 f^raionic „etax. 

"id Uttic. structura is / ' <° ». 

« •«««..«.., lsotopic „ ' V "»- **» »P.MU, y 

h -ino » r tlativel> lQV ""O- °" < ««eri al 

^--Tpabilicy of 
^otopic hydro 9en . nccu *"l<iti ng 



Wilt smr 



- . > 



Mi "\tf I "SJi 



i 

t 



\ 



-31- 



14. The apparatus as claimed in any of claim 1 to 13, 
wherein said lattice structure includes radioisotopic 



atoms. 



15. The apparatus as claimed in any of claims i to 14, 
wherein said lattice structure includes radioisotopic 
atoms selected from the group consisting of 60 Co, 90 Sr, 



106 Ru, ,l7 C: 



U7 Pn,, "° T m, »°Po, "ipu, or „, 



16. The apparatus as claimed in any of claims l to 15, 
wherein said lattice structure includes atoms which emit 
high-energy rays or particles upon exposure to neutrons. 



17. The apparatus as claimed in any of claims i to 16, 
wherein said lattice structure includes boron, beryllium 



or carbon-14 ( C) . 



18. The apparatus as claimed in any of claims l to IT. 
further comprising means for exciting said lattice 
structure with high-energy rays or particles. 
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19- Th> 



e apparatus as claims - 

claimed in any of el-*; 

further co mp risi na ■ * 1 to 

Fusing an isotonic h^. 

Plc h y<*rogen source. 



The app aratus as cla . med 



in any of c ^i>, , 
herein said isotonic hvd, t0 19 ' 

P hydr ° gen deuterium. 



The apparatus as claimed in 



herein said isotODi h ° f Clain,S 1 to 20. 

° tOP1C hydr °* en -Eludes triti Um . 



22- The apparatus as el»{^ • 

5 claimed m any of r-i^- 
wherein s -,^ - 7 cla lms 19 to 21 

S3ld iSOt °P ic hydrog.„ source is a f 1 

-id apparatus farther , , ' ^ 

further includes means for . . 

i-otopic hydrogen from said 

» 'iuji said source t-n 
, . . ue 1:0 accumulate >n ^ 

lattice structure. Said 



23- The apparatus as cl!,-^ • 

chimed in claim uSo 

"uid is an electrolvr, ^ Said 

ec troly te , and said 

includes a ch^m. Producing 

charge-generating source f " 

— pos.ng S a id electrol yte into isotop^ " ^ ^ 
-cumulated into said lattice. 
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24. The apparatus as claimed in claim 23 wherein said 
lattice structure is an electrical conductor and is 
connected to said charge-generating source to be the 
cathode during said electroly tically decomposing of said 
electrolyte. 



25. The apparatus as claimed in claim 23 or 24, wherein 
said electrolyte is an aqueous solution comprising at 
least one water-miscible isotopic hydrogen solvent 
component . 



26. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is deuterated vater 



27. The apparatus as claimed in claim 25, wherein said 
isotopic hydrogen solvent component is ordinary water. 

23. The apparatus as claimed in any of cla-ins 23 to "7 
wherein said electrolyte includes lithium. 



29. The apparatus as claimed in claim 19, wherein said 
isotcpic hydrogen source is at least one fused netal 



\ 
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iS ° tOPiC hl " ,rl <" in cohtect w ltt ■ 

'"O «" Urates (urther " «, ucture , 

"«op ic hydr09en Pro Dote „ igration o 

structure. * int ° "le lattice 



'"tie. structure „ M ,, „. Cl " a ••">•«!, the 

«l=y thereof, aml said ,C '" 1 - '">»■ »b.,t. or 

° aia source it < 
^euteride o • • -used lithium 

' Sod,u "' ^uteride. pot „ . " 
■ixtures thereof. d ««eride or 



»• "<• "PParetu, as 

»«hs tor heetin, is , „. t 29 ° r »• 

SMto ,„ to tro r , S[ -e r 

"out o„e «c r o s ,co„d 5tr — 



32 • A method of reacting • 

— —Wo, =ai „ i=0 " ; UC,Mr 

>-otop lc hvdrogen. and 
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(b) using products of said nuclear 



reactions . 



33. The method as claimed in clai* 32, wherein said step 
of using includes directing neutrons fro* said nuclear 
reactions to a target area. 



34. The method as claimed in claim 32 or 33, wherein 
said step of using includes generating electricity from 
said nuclear reactions. 



35. The method as claimed in any of claims 32 to 34, 
wherein said step of forming includes the step of 

subjecting the lattice structure t-„ . ... 

isotopic hydrogen to cause the isotopic hydrogen to 
permeate into the lattice structure to achieve a 

concentration therein sufficient to induce said nuclear 
reactions. 



36. 
of : 



A method of generating heat, conprising the step: 
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(-) Objecting a source of isot opic hydrogen to a 

lattice structure capable of absorbing isotopic 
hydrogen; and 

(b) causing isotopic hydrogen to pen»eate into the 
lattice structure to achieve a concentration 
therein sufficient to induce the generation of 
heat . 



37. The method as claimed in an y of claims 32 to 36, 
further comprising the step of converting heat generated 
in said lattice to work. 



38. The method as claimed in any of claims 32 to 37, 
wherein said lattice structure is palladia, iron, 
cobalt, nic.vel, ruthenium, modern, zirconiun , nafniuin> 
or an alloy thereof. 



39. The method as claimed in any of claims 32 to 3 S . 
wherein said lattice structure deludes radioisotopic 



atoms. 
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«0. The method as claimed in any of claims 32 to 39 
wherein said lattice structure includes atoms whi ch Imi 
hxgh-energy rays or particles Upon ^ 



41- The method as claimed in any of claims 32 to 40, 
further comprising the step of exciting said lattice 
structure with high-energy rays or particles. 



42. The method as claimed in any of claims 32 to 41, 
wherein said isotonic hydrogen includes deuterium. 



43. The method as claimed in any of claims 32 to ,.2, 
wherein said isotopic hydrogen includes tritium. 



44. The method as claimed in any of claims 35 to 43, 
wherein said isotopic hydrogen source is an electrolyte, 
and said method further includes the step of 
electronically decomposing said electrolyte to form the 
ectopic hydrogen wh.ch permeates into the lattice 
structure. 
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45. The method as claimed in c'a,^ aa 

J.",c..a.a.3 wherein said 

StCUCtUre iS Sicily conductive and is the 
cathode during said electroly tically decomposing. 



46. The method as claimed in clai* AA 

in claim 44 or 45, wherein 

said electrolyte is an aqueous solnt-i 

queous solution comprising at 

least one vater-micriKu 

miscible isotopic hydrogen solvent 

component. 



"7. The method as ciaimed in 

claim 46, wherein said 

"otopic hydrogen solvent component is deu - rat , 

aeu^erated water 



-topic hydrogcn solvent , s ^^^^ ^ 



49. The method as rhim^ : 

claimed in any of claims 35 to - 3 

wherein said isotopic hydrogen source is at ^ 
'»«- metal isotopic hydride in contact with said 
structure, and said nethod f . -rther ' 

. t . ' Cn<?r co «Prises the steo of 

heating the hydride to r,™,^,. 

to promote migration o: isotope 

^dride into the lattice structure. 
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50. The method as claimed in claim 49 
. wherein the step of heating includes the step of 
applying a pulse of power to heat said fused metal 
hydride to transfer said isotopic hydrogen to said 
lattice structure in less than about one microsecond 
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